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We add the reactions K+4.34eV -5K* +e” and I+e~ — I~ +3.06 eV to obtain
K+I—-K*+1" +(434-3.06) eV . The activation energy is 1.28 eV,

) Y]

13 7
At r =1, we have d—u-—() Here(d) =l(—a—) ,£=2'1/6,
dr 1) 2\ry) 1

0=270305) nm=[02Z m=0 ]

Then also

-1/6 12 -1/6 6
Ll(ro)=4e[(2 ’0) —(z—i) ]+E,=4e[l-l]+s,=—e+5,
) ) 4 2

e=E, -U(ry)=128eV+3.37 eV =| 465eV =€ |.

o=t

14 8
To find the maximum force we calculate éf— = -‘-1—-6— —-156(9-—) + 42(9-) =0 when
dr o> r r
o (2"
Trupture 1156

13/6 7/6
E,. = 4(4.65 eV)[ 2( 156) _ 6(—4—3-) ]: —41.0 eV/nm

0.272 nm 156
-19
=—41.01'-6-’-‘—1(3TEE= -6.55 nN
107 m

Therefore the applied force required to rupture the molecule is | +6.55 nN | away
from the center.




[image: image2.png]11-1)” The angular momentum of this system is L = m_vzlfi +T—%R—° =mvR. According to Bohr theory,

L must be a multiple of #, L =mvRy =nh,or v= rrZz withn=1, 2, .... The energy of rotation
0

is then

2 242
1 , 1 5 nh n°h
E_.=—mv° +— =m =—, n=1,2,...
rot =5 MUY (mROJ mRZ

From Equation 11.5 the allowed energies of rotation are

h2

E _ =
rot ZIcm

{id+1)}, 1=0,1,2, ...

where [, is the moment of inertia about the center of mass. In the present case, we have

Ry  (Ry,\* mR2
=) 4n(3) "3

Thus,
h? '
Erot =m{l(l+l)} 1=0,1, 2, ....

We see that I(1+1) replaces n? in the Bohr result. The two are indistinguishable for large
quantum numbers (Correspondence Principle), but disagree markedly when 7 (or I) is small.
In particular, E,,, can be zero according to Quantum Mechanics, while the minimum

2

rotational energy in the Bohr theory is R forn=1.

mR3
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11-13/ At equilibrium separation R, U, is a minimum: 0= dl;ile“ = o} (R; - Ro)"l(l +13h
r g, H

2
R =Ry + M( Y J For I <<Z a);;Ro the second term on the right represents a small
i

2 2
H g
correction, and may be approximated by substituting for R its approximate value R, to get the
2
next approximation R, = R, + M(R3 ) The value of U at R, is the energy offset Uj:
1oy 0
2
1 W+a2 T 1+ Dp? _[1a+ DA |[1d +1a?
Uy = eff(R)""/‘wOI:——_z_:l o rZ2 | a2, RZ '(—E‘T)T+1
H*o5R} 2uR} 2/ R; H oyR,
_ I+ A’
2uR?

The curvature at the new equilibrium point is

d*U 4
dr?

310+ 1)
= po + 2R
R /‘Rl

and is identified with z@} to get the corrected oscillator frequency

311+ > 311+ 1)h?
0)12 =a)g +——i4—=0)(2) +—'—3——4—
H°Ry #"Ry

Since the second term on the right is small by assumption, &, differs little from a,, so that we
may write @} — @2 = (@, — 0y )@, + @y ) = 20y Aw. The fractional change in frequency is then
Ao _3lI+DA?

w, 24 *0PRE
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12-1/40@ =Uppractive + Urepulsive =~ . +——. At equilibrium, Uy, reaches its minimum value.
d

r

2
Urora _ 0=+ oke” _mB Calling the equilibrium separation 7y, we may solve for B

dr 7'2 rm+1 :
nB _ e
r(;n+1 - 1’02
B= oke”
mr ™t

Substituting into the expression for U, we find
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There are 6 Cl™ ionsat ry: U = -Gk . There are 12 Na* ions at v2 2ry: Ue =+—F=— 12ke”
To Vary
' O g‘l—+
o Na
V3,
"o
Sr,
- 8ke’ .
There are 8 CI” ions at V3ry: U = - .So U to three terms is:
N
[-6+12/v2-8/V3]ke* 213k
- To B o
. 2
The fourth term consists of 6 Na™* jons at 27,: Uc = (213 +3ke” _ . So we see

o

that the Coulomb potential is not even attractive to 4 terms, and that the infinite
series does not converge rapidly when groups of atoms corresponding to nearest

neighbors, next-nearest neighbors, etc. are added together.



[image: image6.png]z—y (a) We assume all expressions still hold with Ums Teplaced by vg.

om,

ne 2

o= % =(160x107%) " (@ m)! =6.25x107 (Q m)™!

T=

- ol;e =[ 1€ V602x10% atoms/k mole)(10.5x10° kg/m?) 1 kmole
m atom 108 g
n=585x10% ¢ /m>
(6.25x107 Q@ m)™(9.11x10™* kg) 4
50 7= 5 =3.80x107" s (no change of course from
(5.85x10% ¢"/m*)(1.6x107" C)
Equation 12.10).

y2
(b) Now L=vg7 and vg =(ﬁ)
m

. 2x5.48 eVx16x107" J/eV 1/2_139><10‘5 m/s
F 9.11x107 kg ' '

L=(139x10° m/s)(38x10™™ 5)=5.27x10"® m=527 A =52.7 nm

© The approximate lattice spacing in silver may be calculated from the density and the
molar weight. The calculation is the same as the n calculation. Thus,

(# of Ag atoms)/ m® =585x10%. Assuming each silver atom fits in a cube of side, d,
d® =(585x10%)" m®/atom
d=257x10"1" m

0L 5.27x1078
d 257x100
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Potential
4

NN VIV (NI SIS --—-—-E< U
u I I I v \'%
x=0 a a+b 2a+b i
y; = A Kh =[2m(U - E)}¥?
vy =Bcoskx+Csinkx kh = (2mE)Y?

vm=De +Ee®
Y =Fcoskx+Gsinkx
yy=He™®

At x=0, y; = yy. Therefore A=B, dﬂ=d_dll;1 yields KA =kC. Similarly at x=a:

dx
wn =W, Beoska+Csinka = De*® + E’e™ and gdZ!=%'
x

—Bk coska+Ck coska = KDe® — KE’e ™™ . Substitute C = El?— and B= A to obtain
Acoska +L%jsin ka=De™ + E’e 2
—Aksinka + (—K’?) coska = KDeX* — KE’e ™

Solve for A in each equation and equate quantities to obtain

Ka + E'E—Ka =K eK“ _ KE’C_KH
cos ka +(K/k)sin ka ~ksinka +Kcoska





[image: image8.png]Clear denominators and gather terms. After some algebra one obtains

D _ —K(coska+(K/a)sinka)—(-ksinka+K cos ka)e X

E'~ [-ksinka+K coska—K(coska+(K/k)sinka)le®
This can be simplified to obtain

D _ 2¢™[coska+(1/2){(K/k) - k/K]sinka]
E [(k/K)+K/k]sinka '

Impose the continuity conditions at x=a + b and let a =k(a+b) and

B=K(a+b)
Ym=V¥w
Deﬂ+E'e‘p=Fcosa+Gsina:M=1,an dym 4V
De? +E’e™P dx dx
—Fkcosa+Gksina _

KDe? + KE'eP = -Fkcosa+Gksina=> 1

KDef +KEe?
Set quantities equal to 1 equal to each other and clear fractions to obtain

(Fcosa +Gsin a)(KDeﬂ +KE'e? )=(~Fkcosa+Gksin a)(De‘9 +Ee? ).

Divide by E’ and gather terms to obtain

D kY D k
P E K E . ﬂ - [ (_) - ] _ﬂ
K[(E,)cosa+(K)(E,)sma]e Fk| coska+ K sina je
= GK[(—k-XP—) cosa— (2) sin a]eﬂ + GK[sin a+ (LXR) cos a]e"ﬂ
KAFE E’ KAFE

Divide through by G and Gz—) to obtain

F _ (D/E")e’[cos - (K/k)sina]+ e P[cosa+(K/k)sina]

G (D/E"eP[sina+(K/k)cosa]+ e P[sina—(K/k)cosa]

dyy _dyy
dx dx

dividing by (-K) we obtain %[Fk sink(2a +b) -G cosk(2a + b)) = He™ . Both equations

and

at x=24, Yy = ¥y, Feosk(2a+b)+Gsink(2a+b)= He™ and

are equal to the same quantity so set equal to each other.
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Now gather terms and divide by G and (—%) to obtain

F _ cosk(2a+b)+(K/k)sink(2a+b)

G sink(2a+b)—(K/k)cosk(2a+b)’

Equating the two expressions for —(—I_;—

cosk(2a+b)+(K/k)sink(2a+b) _(D/ E"e?[cos a—(K/k)sina] + e Plcosa+ (K/ k)sina]
sink(2a +b) - (K/k)cosk(2a+b)  (D/E")e’[sina+(K/k)cosa]+e?[sina—(K/k)cos ]

Bringing all terms to one side gives a transcendental equation in E

f(E)= (D/E")eP[cos @ — (K/k)sin ] + e P[cos a+(K/k)sin ]
(D/E")eP[sina +(K/k) cos &)+ e P[sina— (K/k)cos a]
__cos k(2a+b) +(K/k)sink(a +b) -0
sink(2a + b)— (K/k)cos k(2a + b)

with U, a, and b as parameters. This equation can be solved numerically with Newton
roots method used in the solution to 12-17(b). The form of the program will depend
strongly on the computer language used, including its subroutine (function, module)
structure. Assume you can write a module to calculate f(E) where a= b=1and

U =100. Output tabular values of E and f(E) and/or graph E and f(E). The Newton
method requires both function and its derivative to be used. This is algebraically
complicated so that it proves more practical to use a more interactive program. Use
the computer to calculate f(E) for any E you enter. Use trial and error to converge to
the values of E for which f(E) changes sign. Those are the values of E, which satisfy
the equation and are the bound states of the double square well.

The search procedure is: Guess one value of E and calculate f(E). Guess a second
value of E, not very different and calculate f(E). If the sign of f(E) changes,
interpolate a new E and calculate its f(E). If the sign of f(E) did not change,
extrapolate in a direction toward the smaller |f(E)|. Continue until AE, which causes
f(E) to change spin, is small enough for your needs. That is, less than 1 eV for this

problem, since you are looking for other splittings of the single-well energies at 19 eV
and 70 eV.

AY 1)?
For Si, B. E. =13.6(—) eV=(13.6)(E) eV =0.094 eV.
K

2

ForGe,B.E. = (13.6)(—11;) eV =0.053 eV.

Since kgT =0.03 eV at room temperature, there is enough thermal energy to ionize
many donor electrons and promote them to the conduction band.

. ag _ 4
ForSi, r, = —zi = T/% =rKa, =12a, =(12)(0.529 A) =6.4 A.
For Ge, 1, = xay =164, =85 A. Thus, the donor electron is not localized but roams
over a radius of 3 or 4 semiconductor atoms.
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(@)

(b)

dm _ d{ZLn} (ZL)(_@_E)
dA dal Al \aNda a

Replacing dm and dA with Am and AA yields

2Am
A/‘L:A (ﬂdn n)

2L \dA
2
or |Adl= —gz-(n —ﬂ) Since AA is negative for Am =+1
(837%107° m)"
e 0ox10” [3 58 - (837 nm)(38x10™ nm™')|=3.6 %107 m=0.38 nm
.0 X m

_ (633x10® m)’

~ (0.6x10° m)(1)
The controlling factor is cavity length, L.

=6.7%10" m=0.000 67 nm=6.7x10"* nm
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