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Energy dissipation processes in scanning tunneling microscopy

F. Flores, * P. M. Echenique, ~ and R. H. Ritchie~
Oak Ridge Nationa/ Laboratory, P.O. Box X Oak Ridge, ?'ennessee 37831

(Received 24 March 1986)

Energy dissipation associated with assisted tunneling processes in scanning tunneling microscopy
is analyzed and compared with the normal tunnel current. %e find that, for high voltages,
greater than one volt, the tunneling processes associated with electron-hole pair excitation control
the increase in temperature at the microscope's interface.

Recently, much theoretical and experimental work'
has been concerned with the use of scanning tunneling mi-

croscopy as a tool to analyze surface properties. The wide
potential applicability of this technique clearly justifies
much needed experimental and theoretical work to im-

prove our understanding of the complicated physical phe-
nomena associated with the electron tunneling processes.

This paper addresses inelastic assisted processes and en-

ergy dissipation at the microscope's interface. Its contents
are related to some broad fields of solid state physics, scan-
ning tunneling spectroscopy, electron theory of surfaces,
and heat transport in microscopic small objects. 7 Phonons
and electron-hole-pair-assisted tunneling at low voltages,
and plasmons at high enough voltages, will lead to energy
dissipation in the short distance of the interface region.
This is in contrast to the dissipation of energy associated
with the direct current which occurs inside the crystals
forming the interface at distances of the electron mean
free path, typically several hundred angstroms. On these
grounds one could expect a temperature rise at the surface
region, due to assisted tunneling processes, at least com-
parable to the one created by the direct current. In this
paper, we compare both effects and analyze under which
conditions assisted processes control and give an important
increase to the temperature at the interface of the micro-
scope.

For the transition probability of a tunneling process
from state y~(r) at the metal surface 1 to state y2(r) at
the metal surface 2, assisted by the emission of an inter-
face quasiparticle of energy ro„we write the followings

Im(8""') = Im(8""' ' )+1m(W'"' z ) . (3)

To proceed further, we assume translational invariance
in the direction parallel to the surface and write

Im(W """)- —exp[ —g(z+z')]Img&, &(q,~,),dQ 2

(2z)' Q
(4)

where g~;~ is the surface response function. 9

We compare these results with the direct processes cal-
culated by means of a Bardeen Hamiltonian. '0 We use for
simplicity a one-dimensional model, take for the wave
functions y~ and y2, y~-exp( —z/2p~) and y2-exp
x [—(d —z) J2&z] (see Fig. 1), and obtain the following
results:

(for zero temperature and first-order perturbation theory):
fO

P", z drdx'y*, (r)yz(r)Im[W'"'(r r';co, )]yz(r')y~(r').

(1)
The total assisted current 1" is obtained by integrating
over initial (1) and final (2) states,

dl~ d2PA1 2 (2)

showing that d21"/d Vz is proportional to P~~ 2 (r0, V).

In calculating the screened interaction, W'"'(r, r';ro, ), we

assume, for the sake of simplicity, that the surfaces are ef-
fectively decoupled, so that

dro,
&

dz dz'exp[ —(z+z')(Q2p) —/2&z)]1m[8''"'(z, z';ra, )],

where () is the value of P", 2 integrated in the final state
2, such that pz pi+r0„

t

For phonons, we neglect the small asymmetry between the
two surfaces associated with the small energy transfer of a
phonon mode; this yields

d 218
dz dz'exp[ —(z+z')( j2yi —j'2yz)]

~ Im [W'"'(z,z';~, )],
d'IP"

dV

V l—
]/2

, V&mo,
COO

for ro, V (atomic units are used throughout this paper).
The response functions for the surface phonons and

electron-hole pairs have been taken from Refs. 9 and 11.

0, V& coo,

coo being the maximum phonon frequency. " For
electron-hole (e-h) pairs we obtain different results for
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surfaces 1 and 2:

d2Ie h-

dV

(1) exp
V

Np

(2), V-yi(&rop,V

Np
(Sb)

J2vd
, V-pt(&tup, (Sa)

iII

U r~'t

where cop is the plasma frequency.
On the other hand, we have obtained the following re-

sults for the transition probabilities: For phonons,

(pp", )/p', "-,'

Metal 2

r e

E f EP2 fJQO g
10 ln —d, (Ei —Ep2) & r00,

0
e

10 ln —d, (Ei Ep2)—& coo,
3+0 X

0
FIG. 1. Model used to calculate the assisted tunneling pro-

cess. V is the applied voltage. An electron tunnels from level E»
to level E2.

where z/a is a measure of the reciprocal vector associated
with the surface Brillouin zone edge. And for e -h pairs

(pe -it )/p direct
1~2 1~2

ln(2kpd), (Et-Ep2) &,(2 «rop (surface 1),
4xcop pPt

ln(2k, d)
& (Ei —Ep2) «rop,

8zropkpd2 2'~ d

(10a)

(P; "2)/P, " 2
— ln(2kpd), (Ei —Ep2)«cop (surface 2),

(E, —E„)'
&p Frtrl

where kp is the Fermi wavelength.
Typical values (tItt-2 eV, d-5 A, cop-12 eV, kp-0. 35 A ', x/a-0. 25 A ', r00-0.05 eV) yield

(PP" )/P"""-3~10-5 (V&~ )

and
r

10(Et
—Ep2)2 (surface 2),

(P; "2)/P, " 2
—~ 10(Ei —Ep2) (surface 1 for Ei —Ep2 & 0.5 V),

5x10 3 (surface 1 for Ei —Ep2&0.5 V) .

(10b)

(1 la)

(lib)

The energy dissipated by these modes can be calculated by including in the previous results the energy associated with
each mode. Proceeding, in this way, we have obtained the ratio between the power losses W for the assisted processes and
the normal current: For phonons,

0)o
$P'"/8 '""-10 ' ln —d (V & r00),

&OV a
(12)

and for e -h pairs,

pre -ir /1Vdircct(i)

V'ln(2k, d)
for V &,

&
&(cop (surface 1),

4KQl pkppo

yo" ln(2k, d)

2 sea»kF Vd 2 d
'.f- ' V«-

V ln(2kpd)
(V&(cop) (surface 2) .

4rico p kp rtpo

(13b)

(13c)
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The energy dissipated by phonons is negligible: e -h pairs
can, however, be important in that respect, producing an
important increase in the surface temperature. It is also
possible that surface plasmon modes characterized by
eigenfrequency roy-ror(gd/2)'~ may be excited in the
tip-sample region. An estimate of the probability of such
an excitation indicates that it is appreciably smaller than
the corresponding probability of an electron-hole excita-
tion.

The pairs excited at the surface can decay into other
pairs at a very quick rate (the mean collision time for a
pair of 1 eV is around 10 ' s). During these processes
the pairs do not have the time to flow away from the inter-
face, since the time needed for this process is 10 ' s; so
the pairs can be thermalized, creating a region of local
thermal equilibrium. Notice in this respect that the re-
quirement of charge neutrality implies that the separation
of e-h pairs would be strongly inhibited, resulting in a
highly localized deposition of energy to e-It pair cascades.
In a second step, this energy is taken away from the inter-
face. Two mechanisms compete here: (i) the pairs can
take away the energy themselves, and (ii) the pairs can ex-
cite phonons at the interface, ' these modes then taking
away the deposited energy. The first case can be analyzed
by assuming that a steady state is reached at the interface,
and by balancing the energy dissipated in regions of ra-
dius r (r-5 A), with the heat flux; this yields the follow-
ing increase in temperature:

ge -h

Ts-

where E, is the surface thermal conductivity. It is impor-
tant to note that the small contact region reduces the bulk
thermal conductivity EC by a factor of r/L, 1being the bulk
mean free path for electrons' (2.-500 A).

The second case can be analyzed by noting that the
mean collision time of electrons with acoustic phonons is
around 2.5x10 ' s. This shows that the pairs are strong-
ly coupled to the phonons, which can dissipate ballistically
the energy deposited at the interface. In this respect, it is
of interest to note that the time of flight for the crossin~ of
the interface by the acoustic phonons is around 3x10 ' s.
Now, this time of flight, the number of phonons excited at
the interface, and the mean energy taken away by the
acoustic phonons, -0.03 eV, have to be compared with the
power loss associated with the excitation of pairs. If the
power dissipated by the phonons is greater than the power
loss at the interface, the mechanism associated with ballis-
tic phonons can very efficiently dissipate the energy; other-
wise, phonons are thermalized with the pairs, and, finally,
the first mechanism discussed above is the dominant one.

Consider now two microscope configurations having the
following contact resistences: R 10 and 10 Q. For
V -1 V, we obtain the following power losses.

For these values, and noticing that E-10" eV/AsK,
we obtain the following results if we assume that the first
mechanism is dominant:

30 K (R =10 Q, V 1 V),
AT, —~

,3x10 K (R 109Q, V 1 V) .

Now, for R 10 Q and V-1 V, the intensity is 10 pA
and the pairs are excited about every Sx10 '3 s. This is
greater than the time of flight for phonons, 3x10 '3, so
that we conclude that the mechanism of ballistic phonons
controls the dissipation of energy.

For V 2 V, we obtain the following surface tempera-
ture for the first mechanism:

480K (R 10 Q, V 2V),
h, T,—~

4.8x10-'K (R -10'Q, y-2V) .

For this case, e-h pairs are excited every 10 '3 s, and
acoustic phonons become quite ineffective for dissipating
energy. This means that the energy is dissipated in this
case by the first mechanism. It is worth noticing that for
this voltage (V 2 V) the locally deposited energy is
around 6 eV, this quantity being much greater than the
mean energy of the excited e -h pairs (-1 eV); this implies
that a steady state is reached for e-h pairs and acoustic
phonons at the interface.

On the other hand, assuming that the direct current is
dissipated over distances of 100 A (this is the mean free
path for electrons having energies around 1 eV above the
Fermi level), we obtain the following increase in tempera-
ture for those distances of 100 A:

32K (R 10 Q, V 2V),
h, Tb—

3.2x10 K(R 10 Q, V 2V) .

We see that at high voltages e -h pairs at the surface in-
crease the temperature more effectively. Notice in that
respect d, T, increases with V, while ATI, only increases
with V2. This shows that the surface temperature can be
increased by a thousand degrees for an applied voltage of a
few volts if the contact resistance is low enough
(R-10 Q). Let us finally comment that our results for
LITE are similar to those found by Persson and Demuth'
for the inelastic tunneling current assisted by the excita-
tion of an adsorbed molecule. The deposition of energy in
the small region of the contact point due to the e-h pair
excitation and the corresponding reduction in the thermal
conductivity explains the high values calculated here
for h, T, .

In conclusion, energy dissipation associated with assist-
ed tunneling processes can be very important in scanning
tunneling microscopy. Important increases of temperature
can be obtained from these processes in very localized re-
gions: One could take advantage of these effects to
prepare etched surfaces.
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