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22. The conduction electrons in metals are held inside the metal by an average potential
called the inner potential of the metal. Calculate, for the one-dimensional model given by
V(x) = —Voif x < Oand ¥(x) = 0 if x > 0 (Fig. 11.10), the probability of reflection and of
transmission of a conduction electron approaching the surface of the metal with total energy

E, () if E>0,and (i) if -Vo< E<0.

Vix)

Vacuum

Fic. I1.10.

23. A beam of mono-energetic electrons strikes the surface of a metal at normal incidence.
Calculate the reflection probability of these electrons if E = 0-1 ¢V and ¥, = 8eV.

22. By making the substitution

_1E
vx ) =yx)e 7 (22.1)
in the Schrédinger equation

oy(x, z)_[ m o o

= | VO v

we obtain, for x < 0,
dzlpl 2m .
PN + 3 (E+Vo)y:1 =0,
and, for x > 0,
dzlpz 2m

et Eb=0

The general solutions of these equations are

p1=de" +Be %, g =[2m(E+Vo]2,  x <0,

Py = Ceipxﬁ—De_Tpx, P =A2mE, x=0.

According to classical mechanics, if E > 0, the electron has sufficient energy to avercome
the potential barrier at the surface of separation and hence it will leave the metal. In the
quantum-mechanical treatment the answer is not so simple.
The electron wavefunction is
I H
+ (ax—En) ~5 (gx+En) .
Aet +Be # , if x=<0
y(x, 1) = .

i i
+ (px—Er) — (px+Et
Ce & ’

+De , if x=0.

The term with the coefficient 4 represents a plane wave which arrives at the surface from
the left (incident particle), the term with B represents the reflected wave, the term with C
represents the transmitted wave and that with D represents a wave arriving at the surface
from the right. Since such a wave does not exist under the conditions of this problem we put
D == 0. The continuity conditions at x = O then yield the equations

A+B=C, g(A—B)=pC, (22.2)



Problems in Quantum Mechanics

whence
q—p 2q
B = ——A, C = —A.
q+p qtp
It can be seen that the certainty of transmission (which would correspond to a total lack of
reflection, i.c. to B = 0) prescribed by classical mechanics, occurs only in the trivial case
q = p, ie. Vo = 0. Since

s 1429 i1 = (g4 i~ ce2l
[ja| = 1 4] o lis] = | B| ot licl = |C! ot

we obtain in fact

lici, _|C%p  4gp 4+/EE+Vy)
T = =|=] £ = = L Y 22.3
ljal 'A) 9 (@+p?® (VE+Ve++E)P fesd
lisl _ | B (q—p\? 4
R= 8" _|BP*_ - __ 224
il 4 (q+,,) (VE+Vo+VE* i
T+R=1.

Note that, according to quantum mechanics, reflection occurs with a probability different
from zero even if E > 0. However, if E > ¥, the reflection probability decreases rapidly
with increasing energy:

R =x —Ii (22.5)
T 16ET ’
On the other hand, if 0 < E <« V,, we have the approximate formula
R~1-4]/ L (22.6)

Vo'

For the commonest metals, Vo ~ 10 eV, and the reflection probability for an electron with
E = 0'1 eV is approximatively 60%.
If —¥o < E < 0 the total energy of the electron is not sufficient for it to leave the metal,
according to classical mechanics, so that we should have 7 = O and R = 1.
In fact, in this case, ¢ = [2m(V,—|E|)]*%, p = i(2m|E|)"2, and the solution bounded in
the region x > 0 is
o = Ce=12)  where d = #(8m|E|)-12,

The continuity conditions at x = 0 give .

i 1
A+B=C, 54(4-B)=-C,



whence

2i 2i

A~ 2 A4 %

It follows from the expression for v that jo =0, and hence T=0and R = [B/4]>*=1.
Thus, as in classical theory, an electron having a total energy smaller than the potential
barrier height will be reflected with certainty. A new result, however, is that the probability
of finding the electron outside the metal (x > 0) is different from zero, since

This phenomenon is similar to that of the “total internal reflection’

KO_[;_@. e_x/d .

0

p o\ -1
0= 4141 | e = 41

>

which occurs when

the passage of light from a denser medium to a less dense one is impossible because the angle
of incidence exceeds a certain critical angle. The theory of wave optics shows that, in the less
dense medium, there is then a wave whose amplitude decreases exponentially, in analogy
with the exponentially decreasing electron wave considered above.

23. Since the electrons, with momentum p = A/2mE, encounter a potential drop —V
at the metal surface, they will all enter the metal, according to classical mechanics,

and,

q:

because of the law of conservation of energy, they will acquire a final momentum
[2m(E+V ¢)]"? after doing so.

According to quantum mechanics, on the other hand, some of the electrons may be
reflected by the metal surface. Using the notation of the preceding problem, D exp ( —i/Apx)
now represents the incident wave, C exp (i/% px) the reflected wave, and B exp (—i/fgx) the
transmitted wave inside the metal. In this case, 4 = 0. The continuity conditions at the
point x = 0 give C+D = B, p(C—D) = —qB, whence

and

g licl _|CP_ (p—_q)=

liol — | D ptq
polisl _|BIFg _ _4pqg
lio| D p (ptgr

Thus, if E = 0-1 eV and ¥, = 8 eV, the reflection probability is

_(\/E—\/E_ﬁ/—o)”: _1_‘/;? 2 ( 8)2:0_64’

VE+VE+V, 1+‘/:+% 10

whicﬁ is greater than the probability (0-36) of entering the metal. The higher the energy of
th§ _mcxdent electrons, however, the less probable is their reflection. For example, the gryob-
ability of reflection of an electron bombarding an anticathode in the usual ’ g
tube (Vo ~ 10 eV, E = 10%eV) is approximately 6-2 1019,

For greater familiarity with the phenomena of electron reflection at, and penetration

lr}tz, metals, we suggest that the reader make a plot of the quantities R and T as functions
of E.

Roéntgen X-ray
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TUNNELING OF
PARTICLES

- The general problem of quantum mechanical tunneling

. Tunneling as a stationary state problem: =
Tunneling through a barrier o

- Important technological applications of tunneling —

- Tunneling through multiple barriers: Resonant tunneling

o

- ( TOPICS STUDIED ' CKEY OBSERVATIONS iz _
} i -

-
Tunneling of particles : i In quantum mechanics, when particles are : -
: treated as waves, they can traverse through |

o regions where their energy is less than the
potential energy. Their trajectories are 4 B
completely different from what one expects ' N
from classical physics. —

G R e B Z i

1

4{ The time-independent problem can be used —
| to calculate the tunneling behavior of :
T particles. Physically, the time-independent
= prablem corresponds to a constant flux of
particles in space. A number of analytical
and numerical approaches have been 1 P—
developed to solve such problems. °

Tunneling as a stationary
state problem

LIRS SRR PEEE AT L

T il e L S S T T S

Applications of tunneling —N-—- Tunneling of particles has many important

| . applications in technology. These include:
sl « Scanning tunneling Microscopes for studying |
precise positions of atoms on & surface.

« Producing low-resistance ohmic contacts for
semiconductor devices. !
« Tunnel diodes for microwave applications. il -
« Field emission devices. |

« Radioacitve materials for medical and =
anthropological uses. J‘

e DI Bt 2 i B M it s T o e s B i s o

Tunneling through multiple —1  When particles tunnel through multiple ]
- barriers, the tunneling probability has strong o

barriers

e e resonances as a function of particle energy. - —
This concept is exploited in a number of :

devices.

o g e e 3
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REeGION 11
CLASSICALLY FREE

REGION I
CLASSICALLY FORBIDDEN

REGION [
CLASSICALLY FREE

E> V(r) E < Vir)

E> V(r

REGION 11 E Recion 111 §

E< V()

REGION | E

(a) A particle
starts trom the unbound state on the left in region 1 where it is free to move classically
(i.e., E > V(r)) and tunnels through a classically “forbidden” region (I1) into a classically
allowed region (III). In (b) the particle is initially in “bound region” and tunnels through
2 “forbidden” region (I1) into a classically allowed region (I11).

A schematic view of two categories of tunneling problems.

INCIDENT wavE: i
! ) A explilky - Euh
$E£-LECTED WAVE: B expli(-kx - Eb’!;ﬂ
RANSMITTED WAVE: € expli(kx — Evh)]

V(x)

Reflected particle wave

<N
VUV >

Incident particle wave

Transmitted particle wave

A generic description of th i
. t .
ele i energy £ arion of © e tunneling problem. Particles are incident from

rest is transmitted. action of the particle current is reflected and the




o
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.35

V 1 »
4+ ===ll= g
- T :1 [ 1
! e 1 1 |
v +4 o+ 4 _l_ 0 L *:
(2) (b)

(a) Aligned metallic cylinders serve as a potential barrier to charged par-

~ ticles. The central cylinder is held at some positive electric potential V, and the outer

cylinders are grounded. A charge ¢ whose 1otal energy is less than ¢V'is unable to pen-
etrate the central cylinder classically, but can do so quantum mechanically by a process

called tunneling. (b) The potential energy seen by this charge in the limit where the

gaps between the cylinders have shrunk to zero size. The result is the square barrier
;potential of height U.
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(a) Tunneling of a particle through a potential barrier. (b) The transmission

coefficients for an electron as a function of energy for Vo = 1.0 eV, a = 7.77 A. The results

are typical of transmittance through a barrier. Notice that even for £ > V5, the probability

goes through values less than unity; i.e., some reflection occurs.

T; = Tunneling probability

through region i
/ T= 17,
]

—————: An approximation scheme used to calculate particle tunneling with energy £ -

through a smoothly varying potential.
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( APPLICATIONS
\

Solid-state electronics .

¢ Ohmic contact technology
e Tunnel diodes and mircrowave
devices

* Tunneling-based microaccelerom-
eters and other sensors

* Resonant tunneling switches

Medicine

¢ Radioactivity in diagnostics
¢ Radiation therapy

Biological sciences | Radioactive dyes injected in

insects to track their activities

Material science

Ve

Surface characterization by
scanning tunneling microscope

Anthropology

Carbon-dating to determine age of
objects

Manufacturing sciences |

Radioactive tracers to keep track of
wear-and-tear of machine parts

Important applications of particle tunneling in various fields.

BV aEABYMEBR (AP EX T LLEE



A.ZQ.__tf?_C_uk\/jdﬂ"_é_Qijlﬂﬁ a/z:}amzémaiiofz ( dec a )

o 16 Ly -f£) -2ra P
A S+ i 28
- Lz/u?zm}cayixpm dominaled by the _&'ipjamz‘.ia(__
_term J —
As aﬁ’m aﬁazﬁ‘n'_maﬂa_ﬂ;, we take lhe 7&5[31:].‘0:- lo be
uné_f/\z
- == 7_“" e 2raq B D

; Now e will deve a Jgim mation
. which (S5 guile Accz%_am.tc_qct%iiﬁmé e applied
_a.zm.ézz‘ice,(l)z_tg_ ‘many  prab (ém 5/ interest.

_ Divide the polential into halched region
e F L ALE b))

{ L]

. [_ - This is mit.d__cméyz f The gaémt;‘a.l_c'.r_.rm. Qatéé y
S _majﬂ'ey_cm/aﬂcd__.ta_ MM&.J@&MM.(%L__

o Nows g‘ncrea.n‘z:}: the number 5/ subdivisions while
_ cn.ruuly d << 4 A,

N [ Note . when L2 Vix) , Tp~i1l - o
- RS L emVa £ o -

- A -
- —fm?jjaiﬂ&_ -

This is Iém_.aéaatdg}. 7:101}11!_ /;&u’_ fﬁ.c#;ﬁkaf Lon 3,’(
. _&maﬁl_il'?}:

BuREARMERFOMARLE



o H

%K. 8—Zq

L7

J%Mf[& and ﬁa/% roldal  Barrier

VO - :
-——-’\M)——-E—~-—- ________ Tu};«mapmn —
ARKIER
L — ) ) ; o
elEl === —
dx
TRAPEZOIDAL
- AN > _E ERENSIE BARRIER

[ ———
Position x

Figure 6.6: (a) Triangular and (b) trapezoidal barriers through which an electron with
energy E can tunnel. Such barriers are encountered in many electronic device structures.

The potential shape is described by an electric field E.
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6.2 GENERAL TUNNELING PROBLEM

The general problem of particle tunneling can be loosely classified into two cate-
gories, both of which involve the propagation of a particle with energy F through a
region of potential energy V' (r), where in some regions, the particle energy is smaller
than the potential energy. This region is classically forbidden to the particle, but,
as discussed in the Introduction, when the particle is described through a wave de-
scription, tunneling can occur. In the first category of problems we have a situation,
as shown in Fig. 6.2a, where there is a region of space where the particle can be
represented by a “free” state. The particle can be represented by a momentum in
this free space region where the electron energy E' is greater than the background
potential energy, which may be considered to be uniform. In this example, the tun-
neling problem involves the particle coming from the left and striking the potential
barrier, with the particle having a finite probability of tunneling through and a
finite probability of being reflected back.

In the second category of tunneling problems, the particle is initially con-
fined to a “quantum well” region in a “quasi-bound” state, as shown in Fig. 6.2b. In
the quasi-bound state, the particle 1s primarily confined to the quantum well, but
has a finite probability of tunneling out of the well and escaping. The key difference
between the two cases is that in the first problem the wavefunction corresponding
to the initial state is essentially unbound, whereas in the second case it is primarily
confined to the quantum well region.

Tunneling Through Wide Barriers

In many applications, the transmission probability for tunneling is very small.
Inside a barrier, the wave function is essentially proportional to e ~@*, or ¢~
where 6 = 1/ is the penetration depth.? If L >> §, very little of the wave will
“survive” to x = L. The condition for a “wide” barrier is thus

1 V2m(Uy, — E)
5L=O!L:—ﬁ—L > ] -1

It is widle if L is large, or E is much less than U,, or both.
Itis left as an exercise to show that if (5-11) holds, the transmission probability
of (5-10) is given by the approximation

= 16£ <1 = U£> e ~2V2m(Uo = EyinlL (5-12)

UO 0

| Example 5.2
An electron encounters a barrier of height 0.100 eV and width 15 nm. What is

the transmission probability if its energy is (a) 0.040 eV? (b) 0.060 eV? quentially small

>The solution within the barrier is not
strictly a decaying exponential, but con-
tains an exponentially increasing part
¢ ~2*_In most cases, this part is inconse-

B Ww-E2FE BB E (BR)EE 2P = 40348
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AL .
Solution

First we see if condition (5-11) holds.

For 0.040 eV:
2(9.11 X 10-31 kg)(0.100 — 0.040) X 1.6 X 10719]

£=\F(9 e ) — 15X 107°m
& 1.055 X 10734 J-s

= 18.8
For 0.060 eV:
L V209.11 X 1073V kg)(0.100 — 0.060) X 1.6 X 10~19]
= 15X 107°m
S 1.055 X 107+ 7Js

=154

In both cases, the barrier is wide, many times the penetration depth. Now,
noting that we have just calculated the arguments of the exponential in (5-12),

0.04 0.04
Toos0ev = 160—1<1 - F)t":"“ = 1.8 X 10718
0.06 1.06
TO.OéOeV = 16“(1 = _(;T}){J —2¥ 154 — 18 X 10—13
i o |

As expected, for both barriers the transmission probability for a single event is
very small. But in many real situations, barriers are constantly bombarded by
particles. If electrons at either of these energies were to strike the barrier 1020
times each second, there would be a significant flux of escaping particles. Such
high frequency is not at all unrealistic; alpha-particles almost trapped in an atomic
nucleus typically get 102° chances to tunnel out every second. Alpha decay is
discussed in the next section.

The example illustrates another important point: When transmission prob-
abilities are very small, they vary sharply with energy. Both probabilities are
small, but a modest 50% increase in particle energy results in a transmission
probability about a thousand times larger. This sensitivity is due to the exponential
dependence in (5-12), and the smaller the probability, the more pronounced is the
variation.’

Electrons with encrgies of 1.0 eV and 2.0 eV are incident on a barrier 10.0 eV hugh and 0.50 nm
wide. (a) Find their respective transmission probabilines (h) How are these allected if the barrier

is doubled n width?
Solution

(a) For the 1 0-eV electrons

Va2m(U — E)

k, =
= f

LVARDIC I S T kgl[(100 = 1.0) eVI(16 % 10 7" J/eV)

1.054 X 10" ") -5
=16%X10Ym™!

Since L =050nm =50X 107" m, 2k, L = ()16 X 10" m 50 X 10 "’ m) =

and the approximate transmission probability s

T, =kl 10"

h

One 1.0-eV electron out of 8.9 million can tunnel through the 10-¢V barricr on the average. For
the 2.0-eV electrons a similar calculation gives T, = 2.4 X 1077 These clectrons arc over twice
as likely to tunnel through the barrier

(b) If the barrier is doubled in width (o 1.0 nm, the transmission probabilities become

T'=13x10"" T,=s51x10""* ——

Evidenty T is morc sensitive to the width of the barricr than to the particle encrgy here
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Freld Lmission Devices

@ Vacuum

Potential profile of a metal-vacuum interface region.

Metal Vacuum

Potential profile of a metal-vacuum interface with a field across the junction.
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(a) Schematic of the electronic energies in a solid-state material. (b) Metal-
vacuum-metal junction under applied field. (¢) Schematic of a display device based on
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_ Flat panel _display

" The  metal (or semiconductor) emilters are.
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- get
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The yaa‘_ye_a cross

(a) (b)
Figure 5.12 Electrons in a metal
(a) behave as though in a finite well. An
electric field (b) alters the “wall,” so that
tunneling may occur.
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\ Anode  laver

Glass face plate
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1
\Fiesistive
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'/%)olumn line

Figure 5.13 One pixel of a field emis-
sion display. Applying a positive bias
turns on any of the three different colors
of subpixel.

Microtips

Field emission is now being tried as the source of illumination in a new kind

of flat-screen display, the aptly named Field Emission Display (FED) shown in

Figure 5.13. Its potential advantages over the liquid crystal displays commonly
used in laptop computers include wider viewing angle and quicker response.
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rated by vacuum. Tunneling between metals s possible only when

mpty states on the right. Such empty states are created

when eV is applied to lower the Fermi level on the right.
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relative position of
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remain /i.ze_d. B B

SCANNING TUNNELING MICROSCOPE has two stages, suspended frm'n springs,‘that
nestle within a cylindrical stainless-steel frame. The innermost stage contains ﬂ.le micro-
scope mechanism. To achieve high-resolution images of surface structures the mncrosco;:le
must be shielded from even such small vibrations as those caused by footsteps and soun 5
The copper plates (attached to the bottom of the 5laiuiess-stc|.:l fra'me) and lhf.- magnets
(attached to the bottom of the inner and outer stages) damp vibrations. Any dlsturba;;e
causes the copper plates to move up and down in lhff field gf.-ncmted by the_ magnets, -'u:
movement induces eddy currents in the plates. The interaction of th'e eddy currents “Fa B
the magnetic field retards the motion of the plates and hence the motion of the s.l:lgee.i. or
work required in a vacuum a steel cover is placed over the outer frame of the microscope.

The a.rfﬁc'na.(. appara,tu.f was _ma acf:.'ca.&l/_ levitated on a

Superconducting lead bow! resting on a - feavy .
Stone slab aﬁ,p a bed of inflated rubber Lires

Two stages, or sections, suspended
from springs, nestle within the stain-
less-steel cylindrical frame of the mi-
croscope and protect the tunneling gap
from vibration. Both stages, triangular the motion of the plate and thereby
in cross section, are made of glassrods.  protects the microscope from even the
The second stage slips into the first smallest vibrations.
stage, from which it is suspended by
three springs. The first stage in turn is
suspended from the outer frame, also
by three springs. The second stage car-
ries the heart of the microscope: it con-
tains both the sample and the scan-
ning needle.
When the entire microscope sits in a
vacuum, air resistance is minimal and
the first and second stages could, if
they were disturbed, bounce up and
down almost indefinitely. To stop this
motion we rely on the phenomenon of
eddy-current damping. We let copper
plates attached to the bottom of the =
first and second stages slide between
magnets attached to the outer frame.
As each plate slides up and down,
the magnetic field causes the conduct-
ing electrons of the copper to move
around, inducing a so-called eddy cur-
rent. The reaction between the eddy — Ae——
current and the magnetic field retards
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’ /Dx‘cjaclccﬁric drive

The thickness of cerlain ceramics Cx‘m:aja.r when a

ya(tc_aje LS a,/o/plz.‘cd across them

’

/biejadecirécrjé)/

Once the gross vibrations have been
stopped the sample can be positioned.
This is done with a specially devel-
oped drive that carries the sample
across a horizontal metal plate on the
second stage. The body of the drive
consists of a slab of piezoelectric mate-
rial that expands or contracts when
voltage is applied. The drive has three
metallic feet, arranged in triangular
fashion, that are coated with a thin lay-
er of insulating material. They can be
clamped to the metal plate by estab-
lishing a voltage between them and the
metal plate.

We move the drive in the follow-
ing manner. Suppose, for instance, we
clamp only one foot and apply a volt-
age to the piezoelectric body so that
it contracts. The other two feet will
move slightly. We then clamp those
two feet, release the third foot and re-
move the applied voltage so that the

body expands back to its original size.
The drive has just moved one step. The
step width can be varied between 100
and 1,000 angstroms. Since the drive
can rotate about each of its feet, it
can walk along the plate in any de-
sired direction.

When the drive has carried the sam-
ple to the wanted tunneling position,
we begin scanning the surface of the
sample. We use a rigid tripod made of
three piezoelectric sticks to move the
tip of the scanning needle. When we
apply a voltage to expand or contract
one of the sticks, the other two bend
slightly. Consequently the tip moves in
a straight line over distances as great as
10,000 angstroms. Furthermore, this
motion is quite sensitive to the magni-
tude of the applied voltage: a voltage
on the order of .1 volt results in a mo-
tion of 1.0 angstrom. The precision of
the tripod’s drive is so good that at
present only vibration limits the verti-
cal resolution of the sample’s surface.
This resolution at present is in the

range of approximately a few hun-
dredths of an angstrom. :

P
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TRIPOD (MADE OF
_— PIEZOELECTRIC
STICKS)

\

N
VOLTAGE SOURCE FOR 1 @
PIEZOELECTRIC STICKS

MICROSCOPE DEVICE contains a sample and a scanning needle. Piezoelectric materi-
als, which expand or contract when voltage is applied to them, enable the device to resolve
features that are only about a hundredth the size of an atom. A piezoelectric drive positions
the sample on a horizontal metal plate. A piezoelectric tripod then sweeps the scanning
needle over the surface of the sample, simultaneously achieving high stability and precision.

J-48 |



‘ _Jﬁar;pne.u__a/’ Zhe L‘c./o _a/ the probe.

The probe turned out to be even more
local than their fondest hopes. Em-
ploying stylus tips with curvature radii —
on the order of a thousand angstroms,
Binnig and Rohrer had expected a =
horizontal resolution of about 50 A—

The tungsten probe of a scanning

tunneling microscope not nearly good enough to resolve
individual atoms. But when they start-
The lateral resolution of the su.rface ed scanning, they certainly did see
is limited by the sharpnessof the tip. In—————  atoms. “We had thought this kind of
this instance nature has been kind to resolution would require a big effort,”
the vacuum tunneler. It is relatively " Binnig told us. “But we got atomic
easy to make a sharp tip that yieldsa______ gcale resolution more or less as a gift.”
lateral resolution of about six to 12 The gift comes from the fact that these
angstroms: one simply grinds theend _______ 1000-A tips are inevitably rough on a
of a needle, which is usually made of smaller scale, with accidental protuber-
tungsten. ) ances serving as tips only a few atoms
To achieve a lateral resolution of wide. With these protuberances doing
two angstroms, however, Fhe needle the probing, the scanning instruments
must have a single atom sitting secure- achieved a horizontal resolution of
ly on top of its tip. Such an atom about 4 A very early on. Now it’s down
usually comes from the sample itself. to 1 A. In recent months the IBM ——
It is dislodged by high electric fields Zurich group has been replacing these
that are caused by applying a voltage fortuitous probing tips with monatomic —
difference of from two to 10 volts be- tips carefully created by field-ion mi-
tween the sample and the tip. Since croscopy techniques devised by Hans-
luck plays a large role in the final stage, Werner Fink. The end of the tip is the
we are trying to sharpen the tip by world’s smallest manmade pyramid:
bombarding it with a high-energy three layers consisting respectively of —
beam of ions. This causes the atoms on seven, three and finally one single
the surface to sputter away in a highly atom. Putting the last single atom in

controlled manner. place is “a miracle,” says Rohrer.



SURFACE OF SILICON as disclosed by the scanning tunneling  bumps that are arranged in two groups of six. The bumps, which
nicroscope consists of a pattern of diamond-shaped unit cells. Each  have never before been resolved, apparently correspond to the sur-
vell measures 27 angstrom units (one angstrom unit is one ten-bil-  faces of individual atoms. They stand as much as 1.3 angstfoms
lionth of a meter) on a side. The cell is called the 7-by-7 because  above the rest of the surface. The image was formed by applying a
¢ach side measures seven atomic units. Each 7-by-7 contains 12  voltage so that electrons flowed from the needle tip to the surface.

The STM must be ranked as one of the most indispensable tools in‘modern
technology. Its uses are already legion—studying geometry and composition of a
seeming endless list of surfaces: locating important biological molecular groups, == =
such as the fundamental building blocks of DNA: mapping microscopic “vorti-
ces” In certain Kinds of superconductors: nudging atoms from one point on a
surface to another—and they continue to expand.

Actually, the result of an 3TM scan s not a irue topographical map of surface height bu
2 contour map of constant clectron densuy on the swrface. This means that atoms of different
elements appear differently, which greatdy increases the value of the STM as a research wol

Although many bological maternals conduct electrieity, they do so by the flow of 1ons rather
than of clectrons and so cannot be stedied with STMs. A mare recent development, the atomic
lorce microscope (AFM) can be used on any surface, although with somewhat less resolution
than an STM. In an AFM. the sharp up of a fractured diamoend presses genily against the aoms
on a surface, A spring keeps the pressure of the up constant, and a record 15 made of the
deticctions of the tp as 1t moves across the surface. The result s a map showing contours ol
constant repulsive foree hetween the electrons of the probe and the clectrons of the swrface atoms
Zven relatively soft bologieal matenials can be examimned with an AFM and changes i them
monitored. For example, the linking together of molecules of the blood protemn Bibrin, which

oceurs when blood clots, has heen watched with an AFM

_Artc‘cle.r b/v /1"0}&/' A. freedman and Paul K. Hansma
/.?_c‘nnfj and ~[lohrer are _given in A/o,oend[xf
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George Gamow, 1904-1968, whose work in 1928 showed that alpha particles can behave as waves. In so doing, he solved the long-standing puzzle
about the half-life of alpha decay. This demonstrated for the first time that quantum mechanics applies to nuclei. (AIP Emilio Segre Visual Archives.)
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Log10 of half—life {years)

for isotopes with Z and N

far from magic numbers .
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B Plot of log,, 1/7 versus C: = C,Z/VE with C, =1.6landa

slowly varying ¢, = 28.9 + 1.6Z}”. (From E. K. Hyde, I. Perlman, and
G. T. Seaborg, The Nuclear Properties of the Heavy Elements, Vol. 1, Prentice-

Hall, Englewood Cliffs, N.J. (1964), reprinted by permission.) I
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Supplement 4-B

W-16

Tunneling in Nuclear Physics

Tunneling is important in nuclear physics. Nuclei are very complicated objects, but under
certain circumstances it is appropriate to view nucleons as independent particles occupy-
ing levels in a potential well. With this picture in mind, the decay of a nucleus into an a-
particle (a He nucleus with Z = 2) and a daughter nucleus can be described as the
tunneling of an a-particle through a barrier caused by the Coulomb potential between the
daughter and the a-particle (Fig. 4B-1). The a-particle is not viewed as being in a bound
state: if it were, the nucleus could not decay. Rather, the a-particle is taken to have posi-
tive energy, and its escape is only inhibited by the existence of the barrier.'
If we write

TP =e€ (4B-1)

b
A 2m 'lzf lezez, _
G= 2( ﬁ2> ) dar /—41r50r E (4B-2)

where R is the nuclear radius® and b is the turning point, determined by the vanishing of
the integrand (4B-2); Z, is the charge of the daughter nucleus, and Z, (= 2 here) is the
charge of the particle being emitted. The integral can be done exactly

b
1—11/2_ -!BIIZ— §~R_21/2
[oly [ 8] s

At low energies (relative to the height of the Coulomb barrier at r = R), we have b >> R,

and then
2 (2mZ. 2,0\ = R
S o e A O B € 4B-4
G ﬁ( Ame, 2 b (4B-4)

then

with b = Z,Z,e¥/4me,E. If we write for the a-particle energy £ = mu?/2, where v is its
final velocity, then
_ 277212262

G = m = 21raZ,Zz<%> (4B-5)

'If you find it difficult to imagine why a repulsion would keep two objects from separating, think of the inverse
process, « capture. It is clear that the barrier will tend to keep the a-particle out.

*In fact, early estimations of the nuclear radius came from the study of a-decay. Nowadays one uses the size of
the charge distribution as measured by scattering electrons off nuclei to get nuclear radii. [t is not clear that the
two should be expected to give exactly the same answer.
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Vir)

Figure 4B-1 Potential barrier for «
decay.

The time taken for an a-particle to get out of the nucleus may be estimated as fol-
lows: the probability of getting through the barrier on a single encounter is ¢~“. Thus the
number of encounters needed to get through is n = ¢°. The time between encounters is of
the order of 2R/v, where R is again the nuclear radius, and v is the a velocity inside the
nucleus. Thus the lifetime is

T=""¢ (4B-6)

The velocity of the « inside the nucleus is a rather fuzzy concept, and the whole picture is
very classical, so that the factor in front of the e cannot really be predicted without a
much more adequate theory. Our considerations do give us an order of magnitude for it.
For a 1-MeV «-particle,

' ===
_ hE_ |28 _ s |2 _
v_\f{ﬁ_(\;m—cz_?)XlO 4X—m—70><106m/s

so that one predicts, for low energy a’s, the straight-line plot

1 Z
log,g==const — 1.73 ——— (4B-1)
o VEMeV)

with the constant in front of the order of magnitude 27-28 when 7 is measured in years in-
stead of seconds. A large collection of data shows that a good fit to the lifetime data is ob-
tained with the formula

loggL = €, — € 2L (4B-8)

T VE

Here C, = 1.61 and C, lying between 55 and 62. The exponential part of the fit differs
slightly from our derivation, but given the simplicity of our model, the agreement has to
be rated as good.

For larger a energies, the G factor depends on R, and with R = ryA'”, one finds that
ry 1s a constant—that is, that the notion of a Coulomb barrier taking over the role of the
potential beyond the nuclear radius has some validity. Again, simple qualitative consider-
ations explain the data.
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