Quantum tunneling: STM & electric shock

 Homework set 10 is due on Friday.
« Homework set 9 ready to return.
 Still have some midterms to return.

« Material Covered today can be found in chapter 14, section 7
and alpha decay in Chapter 17, section 10

« Mario Livio — giving Physics Colloquium today — G1B20 4pm.

"Brilliant Blunders: From Darwin to Einstein — Colossal
Mistakes by Great Scientists That Changed Our
Understanding of Life and the Universe"
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Homework #9

HW?9 Class Statistics

Number of submitted grades: 101 /122
Minimum: 0%

Maximum: | (100
Average: 73.56 %

Mode: 92 %
Median: 80 %
Standard Deviation: 21.24 % )
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scanning tunneling

Scanning tunneling microscope

Use tunneling to measure small changes in distance.

Nobel prize winning idea: invention of
microscope (STM)”. Measure atoms on surfaces.
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Quantum Corral- Fe atoms on a
surface of single crystal Cu
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STM potential energy curve

Applying a potential V has two effects

1. Allows a current to flow since
| electrons will be more likely to
|ty tunnel to lower potential

B 2. Lowers the effective potential
barrier making it easier to tunnel

X U(x) =-eV(x)

|lelaw sjdwes

energy

} ------------ H """""""" l """"" E electron
""""" __ | eV (from applied voltage)
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Clicker question 1 Set frequency to AD

If the same voltage is applied
In the opposite direction how
well will this method work?

A. Works just as well
¥ B. Works but not as well
C.Doesn’t work at all

|lelaw sjdwes

X [
>Ak
>
| .
e
Q| Eelectron
sample tip
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Clicker question 1

Set frequency to AD

energy

http://www.colorado.edu/physics/phys2170/

If the same voltage is applied
In the opposite direction how
well will this method work?

A. Works just as well
B. Works but not as well
C.Doesn’t work at all

The electron will move In
the opposite direction so
current will be opposite but
everything else is the same.
E

electron

eV (from applied voltage)
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Clicker question 2 Set frequency to AD

If the tip is moved

closer to the
N sample, what will
N the new potential

graph look like?

.
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Clicker question 2 Set frequency to AD

If the tip is moved

closer to the
N sample, what will
N the new potential

graph look like?

B
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How sensitive is the STM?

Remember tunneling probability is P = 2% with o = sz(Z‘E)

2m(V - E)
7

For work function of 4 eV « = ~10 nm!

Note this corresponds to a penetration depth of A=1/a =0.1nm

< :
Mini-tip QPP
P SRt

An extra atom on top decreases the R oAt
distance by 0.1 nmsoL=02nm
giving a tunneling probability of

e-2al — e—2(10nm‘1)(0.2 nmm) — o4 = ()0]8 ) co S599%

Current is proportional to the probability of an electron tunneling.

One atom increases current by 0.018/0.0025 = 7 times!
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STM details
Actual STM uses feedback to keep the

current (and therefore the distance) the same
by moving the tip up or down and keeping
track of how far it needed to move. This .
gives a map of the surface bein scanned.

s ‘T | »

STM’s can also be used to
slide atoms around as shown.
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Another manifestation of quantum tunneling

What electric field is needed to pull an electron out of a solid if we

c . ’?
ignore quantum tunneling Applied force on the electron must be

larger than the force by the nucleus.

______________________________________________________________

P Assume we are dealing with hydrogen.
L . 9= Since F=qgE, the applied electric field E
v must exceed nucleus electric field E_ ..
t roo o=
B o SRS r_ k4 _9x10° Nm*/C?-1.6x10-" C
T @ e 2 (0.053 nm)?
A NN e _ 11
[ @y 510" V/m
¢ a_.or

) - "'»:f::/\\\ ,'- E
7@ v
E \\\\ /// ‘\\\ /I,-E ; ‘
i solid S i
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Clicker question 3 Set frequency to DA

E = 5x10" V/m means need 1 billion volts for a 2 mm long spark
Do we get a billion volts by rubbing feet on rug?

NQO! Electrons tunnel out at much lower voltage.

What is the minimum info needed to find the tunneling probability?
A. only d
B.only V
C.Vandd
D. V, d, and work functions of finger and doorknob
E. none of the above, need additional information
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E = 5x10" V/m means need 1 billion volts for a 2 mm long spark
Do we get a billion volts by rubbing feet on rug?

NQO! Electrons tunnel out at much lower voltage.

What is the minimum info needed to find the tunneling probability?
A. only d

B.only V

C.Vandd

D. V, d, and work functions of finger and doorknob
E. none of the above, need additional information
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Potential energy for electric shock from door knob

Potential difference
.- between finger/knob

>
9 y
)
C
LLJ
W A Eelectron
function work
of finger function
y (L_J ________ 5 of knob
d v
X >
Wi p_rggfb'“ty: Can effectively shorten L by moving
P=e finger closer or by increasing voltage
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Let’'s Talk about Freeing Electrons

- —
Metal vacuum

(a) Thermionic emission

Large electric field

(b) Field emission (tunneling)

http://www.colorado.edu/physics/phys2170/

Iqb (\\ | o e /KT
Er Small electric field

FIGURE 14.34

Thermionic emission versus field
emission from a metal surface.

(a) In thermionic emission,
electrons at the Fermi level in the
metal are thermally activated over
the work function barrier. (b) In
field emission the external electric
field.is so strong that the barrier
becomes thin enough for electrons
to tunnel through.
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Limiting Case of Finite Well - Delta Potential

T )+ V) = Bur) T O
m “NNANANN  eNNNANAN
V(z) = Ao(z) -

|

=10
o) = {3_003 i#o

/:J(x)dx=1.
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Let’'s Solve the Problem

The potential splits the space in two parts (x < 0 and
X > 0). In each of these parts the potential energy is
zero, and the Schrodinger equation reduces to

a) v
d- 10:' R — ‘2,??'E I ‘.' »
oi ‘J ! & 2
dxr= frs 7

The solutions are e** and e *x, where k =~2mkE /h

Coefficients don’t have to be the same on each side , so

wL(x) = A 4+ Aie*, ifx < 0;
vrlx) = Be™ 4+ Bie7", if x > 0,

() =

Apply Continuity y(0) = y,(0) = wg(0) = A, + A =B, + B,
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Delta Potential Cont.

« Second Boundary Condition

h?
2m

T e s 2y re N v e f e
[ o'@)de+ [ Vi@@)de=E [ u(z)de.

In the limit as € — 0, the right-hand side of this equation
vanishes; the left-hand side is —h2/2m[y/'s(0) — ¢’ (0)] + Aw(0)

+€ o Iy : F )
/ Vx)dr = ['(4€) — ' (—e€)]

-

.

h* _. , ;.
—5 (= + A+ B = B+ A+ A =0,
1r
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Boundary Conditions - rewritten

A+ 4, - B, — B 0:
—.‘1,.+,‘1(+B,-—B( :%—}-( ‘1 -+ '1(’

Now let A, =1, B;=0, and compute transmission coefficient

T =vB. B/VA"A,

T = 1/(1+m2A2/k2h?)
DA, = sz (A +A)
ikh 1
I = 2
or A = 1/(ikh?mA -1) [, A
2W°E

Then B, = 1/(1-mAM/ikh?) ,
Note doesn’'t depend

on the sign of )
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Transmission and Reflection

| | | | | |
1
.
Doesn’t matter
if there is a trough
or a barrier!
R
0 | | | | | |
0 1 2 3 4 5 6 7 8 9 10
E .
A2
E - 0 in units of

2mh?

http://www.colorado.edu/physics/phys2170/ Physics 2170 — Fall 2013 20




What happens if E <0

How do we solve Schrodinger’s equation?

dg 1 InE 5 2mE
" P | . |‘ ' | —_—
dx= fi< S =i #>
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Also note can have a bound state

0] YL(x) = Ae™, if v < 0;
W(x) = o | |
| Yrix) = Bie™™, 1fx > 0.

Atx=0 A =B,
0 00
From fAfez"xdx+ fB,ze'mdx =1
Normalization * 0
A =B, =k
R pte te L, te
S5 W' (x)dxr + / Viz)zx)de = F / wix)d.
LT J —e | J —€ | | J —€ |

In the limit as € — 0, the right-hand side of this equation

vanish(?ns)'l the left-hand side is —h?/2m[y'r(0) — ', (0)] + Aw(0)=0;

SO K——2
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Also note can have a bound state

A') I i
E he k2 m\>
N - 9R%

2m

The graph of the bound state
wavefunction solution to the delta
function potential is continuous
everywhere, but its derivative is not
at x=0.
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