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At 80 K, the band gap in the semiconductor indium antimonide
(InSb) is 0.230 eV. A photon emitted by a hydrogen fluoride HE)
molecule undergoing a vibration-rotation transition from {n = 1,
[=0)to(n=0,1=1} is absorbed by an electron at the top of
the valence band of InSb. (a) How far above the top of the band
gap (in eV) is the final state of the electron? (b) What is the proba-
bility that the final state was already occupied? The vibration fre-

quency for HF is 1.24 X 104 Hz, the mass of a hydrogen atom is

1.67 X 107 kg, the mass of a fluorine atom is 3.15 X 10726 kg,
and the equilibrium distance between the two nuctei is 0.092 nm.
Assume that the Fermi energy for InSb is in the middle of the gap.

See MasteringPhysics® study area for a Video Tutor solution. MP

IDENTIFY and SET UP

1, This problem involves what you learned about molecular tran-
sitions in Section 42.2, about the Fermi-Dirac distribution in
Section 42.5, and about semiconductors in Section 42.6.

2. Equation (42.9) gives the combined vibrational-rotational
energy in the initial and final molecular states. The ditference
between the initial and final molecular energies equals the
energy £ of the emitted photon, which is in tum equal to the
energy gained by the InSb valence electron when it absorbs that
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photon. The probability that the final state is occupied is given
by the Fermi-Dirac distribution, EBq. (42.16).

EXECUTE

3, Before you can use Eq. (42.9), you'll first need to use the data
given to calculate the moment of inertiz [ and the quantity fiw |
for the HF molecule. (Hint: Be careful not to confuse frequency ]
f and angular frequency @.) '

4. Use your results from step 3 to calculate the initial and final |
energies of the HF molecule. (Hint: Does the vibrational
energy increase OF decrease? What about the rotational
energy?)

5. Use your result from step 4 to find the energy imparted to the
InSh electron. Determine the final energy of this electron rela-
tive to the bottom of the vonduction band.

6. Use your result from step 5 10 determine the probability that the
InSb final state is atready occupied.

EVALUATE

7. Is the molecular transition of the HE molecule allowed? Which
is larger: the vibrational energy change of the rotational energy
change?

8. Ts it likely that the excited InSb efeciron will be blocked from
entering a state in the conduction band?

For instructor-assigned homework, go to www.masteringphysics.com {mp }

o, +2, +++: Problems of increasing difficulty. CP: Curnulative prablems incorperating material fram earlier chapters. CALE: Problems

reguiring calculus. BI: Biosciences preblems.

DISCUSSION QUESTIANS

042.1 Jonic bonds result-from the electrical attraction of oppo-
sitely charged particles. Are other types of molecutar bonds also
clectrical in nature, or is some other interaction involved? Explaimn.
042.2 In ionic bonds, an electron is transferred from one atom to
another and thus no longer “belongs™ to the atom from which it
came. Are there similar transfers of ownership of electrons with
other types of molecular bonds? Explain.

@42.3 Van der Waals bonds occur in many molecules, but hydro-
gen bonds occur onfy with materials that contain hydrogen. Why is
this type of bond unique to hydrogen?

@42.4 The bonding of galfium arsenide (GaAs) is said to be 31%
ionic and 69% covalent. Explain.

042.5 The H," molecule consists of two hydrogen nuclei and a
single electron. What kind of molecular bond do you think holds
this molecule together? Explain.

042.5 The moment of inertia for an axis through the center of
mass of a diatomic molecule cateulated from the wavelength emit-
ted in an = 19 —» [ = 18 transition is different from the moment
of inertia calculated from the wavelength of the photon emitted in
an! = 1 -1 = 0 transition. Explain this difference. ‘Which transi-
tion corresponds to the larger moment of inertia?

042.7 Analysis of the photon absorption spectrum of a diatomic
molecule shows that the vibrational energy levels for small values

of n are very nearly equally spaced but the levels for large » are not
equally spaced. Discuss the reason for this observation. Do you
expect the adjacent levels to move closer together or farther apart
as n increases? Explain.

042.8 Discuss the differences between the rotational and vibra-
tional energy levels of the deuterium (“heavy hydrogen”) molecule
D, and those of the ordinary hydrogen molecule Hy. A deuterium.
atom has twice the mass of an ordinary hydrogen atom, ¥
042.9 Various organic molecules have been discovered in inter:
stellar space. Why were these discoveries made with radio tele;
scopes rather than optical telescopes?

042.10 The air you are breathing contains primarily nitroge!
(N} and oxygen (Oz}. Many of these molecules are in exci
rotational energy levels (I = 1,2,3,... ), but almost all of th
are in the vibrational ground level {n = 0). Explain this differ
ence between the rotational and vibrational behaviors of the m
ecules, :
84211 In what ways do atoms in a diatomic molecule behave
though they were held together by a spring? In what ways is thi
poor description of the interaction between the atoms?

042.12 Individual atoms have discrete energy levels, but ¢
solids (which are made up of only individual atoms) show enet
bands and gaps. What causes the solids to behave so differel
from the atoms of which they are composed?
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842.13 What factors determine whether a matenal is a conductor
of electricity or an insulator? Explain.

842.18 Tonic crystals are often transparent, whereas metallic crys-
tals are always opaque. Why?

04215 Speeds of molecules in a 8as vary with temperature,
whereas speeds of electrons in the conduction band of a metal are
nearly independent of temperature, Why are these behaviors so
different?

04218 Use the band model to explain how it is possible for some
materials to undergo a semiconductor-ta-metal transition as the
lemperature or pressure varies.

042.17 An isolated zing atom has a ground-state electron configu-
ration of filled Is, 25, 2p, 35, 3p, and 4s subshells. How can zinc be
a conductor if its valence subshell is full?

R42.18 The assumptions of the free-electron model of metals may
Seem contrary to reason, since electrons exert powerful electrical
forces on each other. Give some reasons why these assumptions
actually make physical sense,

042.19 Why are materials that are good thermal conductors also
go0d electrical conductors? What kinds of problems dees this pase
for the design of apphiances such as clothes irons and electric
heaters? Are there materials that do rot follow this general rle?
042.20 What is the essential characteristic for an element to serve
as 2 donor impurity in a semiconductor such as Si or Ge? For it to
Serve as an acceptor impurity? Explain.

042.21 There are several methods for removing electrons from the
surface of a semiconductor. Can holes be removed from the sur-
face? Explain,

042.22 A student asserts that silicon and germanium become good
insulators at very low temperatures and good conductors at very
high temperatures. Do you agree? Explain your reasoning.

B42.23 The electrical conductivities of most metals decrease grad-
uatly with increasing temperature, but the intrinsic conductivity of
semiconductors always increases rapidly with increasing tempera-
ture. What causes the difference?

042.24 How could you make compensated silicon that has twice
a8 many acceptors as donors?

842.25 For electronic devices such as amplifiers, what are some
advantages of transistors compared to vacuum tubes? What are
some disadvantages? Are there any situations in which vacuum
tubes cannof be replaced by solid-state devices? Explain your rea-
soning.

042.26 Why does tunneling  limit the miniatrization of
MOSFETs?

042.27 The saturation current {5 for a p-n junction, Eq. (42.22),
depends strongly on temperature. Explain why,

EXERGISES

Sectian 42.1 Types of Molecular Bonds
2.1 « If the energy of the H; covalent bond is ~4.48 eV, what
wavelength of light is needed to break that molecule apart? In what
part of the electromagnetic spectrum does this light ie?

42.2 + An lonic Bond. (a) Calenlate the electric potential energy
for a K* ion and a Br™~ ion separated by a distance of 0.29 am, the
equilibrium separation in the KBr molecule. Treat the jons as point
charges. (b) The ionization energy of the potassivm atom is 4.3 eV,
Atomic bromine has an electron affinity of 3.5 eV, Use these data
and the results of part (a) to estimate the binding energy of the KBy
molecule. Do you expect the actual binding energy to be higher or
lower than your estimate? Explain your reasoning,
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42.3 » We know from Chapter 8 that the average kinetic energy
of an ideal-gas atom or molecule at Kelvin termnperature T ig %kT_
For what value of T does this energy correspond to (a) the hopg
energy of the van der Waals bond in He, (7.9 x 10 &V) and
{b) the bond energy of the covalent bond in Hy (4.48 eV)? (¢) The
kinetic energy in a collision between molecules can £0 into dissp-
ciating one or both molecules, provided the kinetic energy is
higher than the bond energy. At reom temperature (300 K, is it
tikely that He, molecules will remain intact after a collision? What
about Hy molecules? Explain.

“42.4 ++ Light of wavelength 3,10 mm strikes and is absorbed by a

molecule. Is this process most likely to alter the rotational, vibra-
tional, or atomic energy levels of the molecule? Explain your rea-
soning. {bj If the light in part (a) had a wavelength of 207 nu,
which energy levels would it most likely affect? Explain.

42.5 + For the H, molecule the equilibrium spacing of the
two protons is 0.074 nm. The mass of a hydrogen atom is
1.67 X 107% kg, Calculate the wavelength of the photon emitted
in the rotational transition / = 210/ = |.

42.5 + (a) A molecule decreases its vibrational energy by 0.250 eV
by giving up a photon of light. What wavelength of light dees it
give up doring this process, and in what part of the electromagaetic
spectrum does that wavelength of light lie? (b) An atom decreases
its energy by 3.50 ¢V by giving up a photon of light. What wave-
length of light does it give up during this process, and in what part
of the electromagnetic spectrum does that wavelength of light He?
{¢} A molecule decreases its rotational energy by 3.20 X 103y
by giving up a photon of light, What wavelength of light does it
give up during this process, and in what part of the electromagnetic
spectrum does that wavelength of light lie?

Section 42.2 Molecuiar Spectra

2.7 + A hypothetical NH molecule makes a rotational-level tran-
sition from /= 340/ = { and gives off a photon of wavelength
1.780 nm in doing 50, What is the separation between the two
atoms in this molecule if we model them as point masses? The
mass of hydrogen is 1.67 x 10~ kg, and the mass of nitrogen is
233 X 107 % kg,

42.8 » The water molecule has an f = | rotational level 1.01 X
1077 eV above the [ = 0 ground level. Calculate the wavelength
and {requency of the photon absorbed by water when it undergoes
a rotational-level transition from / = 0 to / = 1. The magnelron
oscillator in a microwave oven generates microwaves with a fre-
quency of 2450 MHz, Poes this make sense, in view of the fre-
quency you calculated in this problem? Explain.

42.9 + In Example 42.2 the moment of inertia for CO was calcu-
lated wvsing Eq. {42.6). (a) In CO, how far is each atom from the
center of mass of the molecule? (b) Use [ = myr + mard o
calculate the moment of inertia of CO about an axis through the
center of mass and perpendicular to the lire joining the centers of
the two atoms. Does your result agree with the value obtained in
Example 42.27

4210 ¢ Two atoms of cesinm (Cs) can form a Cs, molecule, The
equilibrium distance between the nuclei in a Cs; molecule is
0.447 nm, Caiculate the moment of inertia about an axis through
the center of mass of the two nuclei and perpendicular to the line
Joining them. The mass of a cesium atom is 221 X 107 B kg
42.91 «« CP The rotationat energy levels of CO are caleulated in
Example 42.2. If the energy of the rotating molecule is described
by the classical expression K = %Iwz, for the I = I level what are
(a) the angular speed of the rotating molscute; (b} the linear speed
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of each atom (use the result of Exercise 42.9); (c) the rotational
period (the time for one rotation)?

4212 + If a sodium chloride (NaCh) molecule could undergo an
n—n — 1 vibrational transition with no change in rotational
quantum number, & photon with wavelength 20.0 um would be
emitted. The mass of a sodium atom is 3.82 X 1072 kg, and the
mass of a chlorine atom is 5.8% X 10726 kg. Calculate the force
constant &’ for the interatomic force in NaClL

42.13 + A lithium atom has mass 1.17 X 10726 kg, and a hydro-
gen atom has mass 1.67 % 107% kg, The equilibrium separation
between the two nuclei in the Lill molecule is §.159 nm. (a) What
is the difference in energy between the I = 3 and ! = 4 rotational
levels? (b) What is the wavelength of the photon emitted in a tran-
sition from the ! = 4 to the | = 3 level?

4214 »+ When a hypothetical diatoric molecule having atoms
0.8360 nm apart undergoes a rotational transition from the [ =2
state to the next lower state, it gives up a photon having energy
3.841 X 10~*eV. When the molecule undergoes a vibrational
transition from one energy state 0 the next lower energy state, it
gives up 0.2560 eV. Find the force constant of this molecule.

42.15 » (a) Show that the energy difference between rotational
levels with angular-momentim quantum pumbers [ and [ — 1 is
153/1. (b) In terms of /, #, and I, what is the frequency of the photon
emitted in the pure rotation transition / —i- 17

49,16 » The vibrational and rotational energies of the CO mole-
cule are given by Eq. (42.9). Calculate the wavelength of the pho-
ton absorbed by CO in each of the following vibration--rotation
transitions: (@) n =0, [=1—>n= L, I=2 ®nar=0, =

2oan=11= La=0I=3->n" Li=2

Section 42.3 Structure of Selids

4217 + Density of NaCl. The spacing of adjacent atoms in a
crystal of sodium chloride is 0.282 nm. The mass of a sodium atom
is 3.82 X 10726 kg, and the mass of a chiorine atom is 5.89 X
1072 kg, Calculate the density of sodium chloride.

42.18 + Potassium bromide (KBr) has 2 density of 2.75 X
10% kg/m® and the same crystal structure as NaCl. The mass of a
potassium atom is 6.49 X 107 kg, and the mass of a bromine
atom is 133 X 1075 kg (1) Calculate the average spacing
between adjacent atoms in a KBr crystal. (b} How does the value
catculated in part (a) compare with the spacing in NaCl (see Exer-
cise 42.17)? Is the relationship between the two values qualita-
tively what you would expect? Explain.

Section 42.4 Energy Bands

4219 + The maximum wavelength of light that a certain silicon
photocell can detect is 1.11 pm. (3) What is the energy gap (in
electron volls) between the valence and conduction bands for this
photoceli? (b) Explain why pure silicon is opaque.

42,90 + The gap between valence and conduction bands in dia-
mond is 5.47 eV, (&) What is the maximum wavelength of a pho-
ton that can excite an electron from the top of the valence band
into the conduction band? In what region of the electromagnetic
spectrum does this photon lie? (b) Explain why pure diamond is
transparent and colorless. {c) Most gem diamonds have a yellow
cotor. Explain how impurities in the diamond can cause this
color.

42.31 « The gap between valence and conduction bands in silicon
is 1.12 &V. A nickel nucleus in an excited state emits & gamma-ray
photon with wavelength 9.31 X 10~* nm. How many electrons
can be excited from the top of the valence band to the bottom of
the conduction band by the absorption of this gamma ray?

Section 42.5 Free-Electron Madel of Metals

42.92 - Calculate v, for free electrons with average kinetic
energy %k’[‘ at a temperature of 300 K. How does your result com-
pare to the speed of an electron with a kinetic energy equal to the
Fermi energy of copper, calculated in Example 42.77 Why is there
such a difference between these speeds? '

42.93 » Calculate the density of states g{E) for the free-electron
model of a metal if E = 7.0eV and V = 1.0 o, Bxpress your
answer in units of states per electron volt.

42,24 + Supply the details in the derivation of Eq. (42.13) from
Egs. {(42.11) and (42.12).

42.35 + CP Silver has a Fermi energy of 5.48 eV. Calculate the
electron contribution to the molar heat capacity at constant volume
of silver, Cy, at 300 K. Express your result {a) as a multiple of R
and (b) as a fraction of the actual value for silver, Cy =
25.3 I/mot - K. () Is the value of Cy due principally to the elec-
tcons? If not, to what is it due? (Hint: See Section 18.4.)

43,26 » The Fermi energy of sodium is 3.23 eV. {a) Find the aver-
age energy £gy of the electrons at absolute zero, (b) What is the
speed of an electron that has energy Eay7 (¢) At what Kelvin tem-
peratute T is kT equal to Ep? (This is called the Fermi temperature
for the metal. It is approximately the temperature at which mole-
cules in a classical ideal gas would have the same kinetic energy as
the fastest-moving electron in the metai.)

42.97 ++ For a solid metal having a Fermi energy of 8.500 eV,
what is the probability, at room temperature, that a state having an
energy of 8.520 eV is occupied by an electron?

Section 42.6 Semiconductors
42.28 + Pure germanium has a band gap of 0.67 eV. The Fermi
energy is in the middle of the gap. (a) For temperatures of 250 K,
300 K, and 350 K, calculate the probability F(E) that a state at the
bottom of the conduction band is occupied. (b) For each tempera-
ture in part (2), calculate the probability that a state at the top of the
valence band is empty.

§2.29 « Germanium has a band gap of 0.67 eV, Doping with
arsenic adds donor levels in the gap 0.01 eV below the bottom of
the conduction band. At a temperature of 360 K, the probability is °
4.4 % 107" that an electron slate is ocoupied at the bottom of the
conduction band. Where is the Fermi level relative to the conduc
tion band in this case?

Section 42.7 Semiconductor Devices
42.30 ++ {a) Suppose a piece of very pure germanium is to be
used as a light detector by observing, through the absorption o
photons, the increase in conductivity resulting from generation 9
electron-hole pairs, If each pair requires 0.67 eV of energy, what
the maximum wavelength that can be detected? In what portion
the spectrum does it lie? (b) What are the answers to part (a) if tl
material is silicon, with an energy requirement of 1.14 eV per pat
corresponding to the gap between valence and conduction band
that element?

42.31 « CP At a temperature of 290 K, a certain p-n junction
a saturation current Is = 0.500 mA, () Find the current at this ter
perature when the voltage is {{} 16O mY, (i) —1.00 mV, (if) 100 ik
and (iv) —100 mV. (b) Is there a region of applied voitage W
the diode obeys Ohm's law?
42.32 + For a certain p-n junction diode, the safuration curfe
room temperature (20°C) is 0.750 mA. What is the resist
of this diode when the voltage across it is (a) 85.0 mV.
{b) —-50.0 mV?



—10.0mV, what is the reverse-bias negative current?

tive of the value calculated in part {(a), what is

PROBLEMS

olecule as two point masses at opposite ends

ny vibrations per second is the molecule making?
36"+ When a diatomic molecule undergoes

cting the nuclei?

C1 molecule is 0.24 nm. If the molecule is modeled

ent arises from point charges g and ~¢ separated by 0.24 nm,
? {c) A definition of the fractional ionic character of the
g/e. If the sodium atom has charge +e and the chlorine
s.charge —e, the fractional ionic character would be equal
hat is the actual fractional ionic character for the bond in
) The equilibrium distance between nuclei in the hydro-
ide (HI) molecule is 0.16 nm, and the measured electric
ment of the molecule is 1.5 X 107 C. m. What is the
donic character for the bond in HI? How does your
mpare to that for NaCl calculated in part (c)? Discuss
-the difference in these results.

be- binding energy of a potassium chloride molecule
43 eV. The ionization energy of & polassium atom is
d the electron affinity of chlorine is 3.6 eV. Use these
mate the equilibrium separation between the two atoms
olecule. Explain why your result is only an estimate
cise value,

() F or the sodium chloride molecule {NaCl) discussed at
athe of Section 42.1, what is the maximum separation of
ility if they may be regarded as point charges? That
€ largest separation for which the energy of an Na*
- ion, calculated in this model, is lower than the
.‘;Vo scparate atoms Na and C1? (b) Calculate this dis-
Otassium bromide molecule, described in Exercise

sls

Otational spectrum of HCI contains the following
ong others): 60.4 pm, 69.0 um, 804 pm,
0.4 pom. Use this spectrum to find the moment of
-1 molecule about an axis through the center of
icular to the line joining the two nuclei,
Stithe result of Problem 42,40 to calculate the equi-
Of the atoms in an HC! molecule. The mass of a
81 x 1077 kg, and the mass of a hydrogen

42.33 »+ {a) A forward-bias voltage of 15.0 mV produces a posi-
tive current of 9.25 mA through a p-n Junction at 300 K. What does
the positive current become if the forward-bias voltage is reduced
to 10,0 mV? (b) For reverse-biag voltages of —15.0mV and

42.34 +» A p-n junction has a saturation current of 3.60 mA.
{a) At a temperature of 300 K, what voltage is needed 1o produce a
positive current of 40.0 mA? {b) For a voltage equal to the nega-

the negative current?

42_35 ** A hypothetical diatomic molecule of oxygen (mass =
2 656 x 10726 kg) and hydrogen (mass = [.67 x 1074 kg)
emits a photon of wavelength 2.39 um when it makes a transition
from one vibrational state to the next lower state, If we model this

of a massless
pring, (a) what is the force constant of this spring, and (b) how

a transition from
7 = 2 to the [ = | rotational state, a photon with wavelength

fem is emitted. What is the moment of inertia of the molecule
an axis through its center of mass and perpendicular to the line

T} “e GP (a) The equilibrivin separation of the two nuclei in

: as charges
and —e separated by 0.24 nim, what is the electric dipole moment
hé molecule (see Section 21.7)? (b} The measured electric dipole
ent of an NaCl molecule is 3.0 X 107 Com. IF this dipole

Praoblemg 1

atom is 1.67 X 1077 kg, (b) The value o
rotational transitions. What is the value of
the transition that gives rise to each of th
Problem 42.40? {c) What is the longest-
rotatienal spectrum of HC1? {d) Calculate
emitted light for the corresponding transi
chioride (DCH molecule, In this molecule
HC1 is replaced by an atom of deuterivm, a
with a mass of 3.34 X 10727 kg, Assume (i
aration between the atoms is the same as for
42.42 + When a NaF molecule makes a tra
to the ! = 2 rotational level with no change
number or electronic state, a photon with
emitted. A sodium atom has mass 382 x
atom has mass 3,15 X 1072 kg Calculate the equilibrium sepa
tion between the nuclej in a NaF molecule, How does your answ
compare with the value for NaCl given in Section 42,17 Is f
result reasonable? Explain.
4243 ++ CP Congsider 2 gas of diatomic molecules {moment
inertiz 1) at an absolute temperature 7. If Eg is a ground-sts
energy and F,, is the energy of an excited state, thep tl
Maxwell~Boltzmann distribution (see Section 39.4) prediots th
the ratio of the numbers of molecules in the two states is

f I changesg by =
! for the Upper leys
¢ Wavelengthy tigee
wavelength line n
the Wwavelengths of
tions in the deuter
the hydrogen aton
n isotope of hydro,
at the equitibriym, 5
HCL

asition from the / -
in vibrationat quant
wavelength 3.83 qyy
107 kg, and & fluor

n
. S e“(EexﬁEg)/kT
g

(a) Explain why the ratic of the number of molecules in the it

rotational energy level to the number of molecules in the groun
{{ = 0) rotational level is

LI (20 + 1) e LI+ DR faner
fig

{Hint: For each value of {, how many states are there with differen
values of m,?) (b) Determine the ratio ny/ng for a gas of CO mole-
cules at 300 X for the cases (iy I = 1; i [ = 2, (i) { = 10

(iv) I = 20; (v} I = 50. The montent of inertia of the CO molecule

is given in Example 42.2 (Section 42.2). (¢) Your results in part
(b) show that as / is increased, th

then decreases. Explain why.

4284 « Oy galaxy contains numerous molecular clouds, regions
Figure P42.44

¢ raktio n)/ng first increases and

many light-years in extent in
which the density is high
enough and the temperature
low enough for atoms to form
into molecules. Most of the
molecules are Hy, but a smal
fraction of the molecules are
carbon monoxide (CO). Such a
molecular cloud in the constel-
lation Crion is shown in
Fig. P4244. The Ileft-hand
image was made with an ordi-
nary visible-light telescope;
the right-hand image shows the
molecular cloud in Oron as
imaged with a radio telescope
tuned to a wavelength emitted .
by CO in a rotational transition, The different colors in the radio
image indicate regionis of the cloud that are moving either toward us
(blue) or away from us (red) relative to the motion of the cloud as a
whole, as determined by the Doppler shift of the radiation. (Since a
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molecular cloud has about 10,000 hydrogen molecules for each
CO molecule, it might seem more reasonable to tune a radio tele-
scope to emissions from Hy than to emissions from CO. Unfortu-
nately, it tarns out that the H, molecules in molecular clouds do
not radiate in either the radio or visible portions of the electromag-
netic spectrum.) (a) Using the data in Example 42.2 (Section 42.2),
calculate the energy and wavelength of the photon emitted by a
€O molecule in an [ = 1 — = 0 rotational transition. (b} As a
rule, molecules in a gas at temperatuee T will be found in a certain
excited rotational energy level provided the energy of that level is
no higher than kT (see Problem 42.43). Use this mule to explain
why astronomers can detect radiation from CO in molecular
clouds even though the typical temperature of a molecular cloud is
a very low 20 K.

42.4% + Spectral Lines from Isotopes. The equilibrium separa-
tion for NaCl is 0.236i nm. The mass of a sodium atom is
3.8176 % 10 kg. Chiorine has two stable isotopes, °Cl and
301, that have different masses but identical chemical properties.
The atomic mass of PCl is 5.8068 X 1078 kg, and the atomic
mass of YCtis 6.1384 X 1070 ke, (a) Calculate the wavelength
of the photon emitted in the I =2 — /=l and | = 1—51=0
transitions for Na® Cl, (b) Repeat part {a) for Na®’C1. What are the
differences in the wavelengths for the two isotopes? _

43,46 »+ When an OH molecule undergoes a transition from the
n = Otothen = 1 vibrational level, its internal vibrational energy
increases by 0.463 eV. Calculate the frequency of vibration and
the force constant for the interatomic force. (The mass of an
oxygen atom is 2.66 X 10726 kg, and the mass of a hydrogen atom
i51.67 X 107 kg)

42.47 » The force constant for the internuctear force in a hydro-
gen molecule (Hp) is & = 376 N/m. A hydrogen atom has mass
1.67 ¥ 107 kg. Calculate the zero-point vibrational energy for
H, (that is, the vibrational energy the molecule has inthe n =0
ground vibrational level). How does this energy compare in mag-
nitude with the Hy bond energy of —4.48 eV?

42.48 + Suppose the hydrogen atom in HF (see the Bridging
Problem for this chapter) is replaced by an atom of deuierium, an
isotope of hydrogen with a mass of 3.34 X 10727 kg, The force
constant is determined by the electron configuration, so it is the
same as for the normal HF molecule. (a) What is the vibrational
frequency of this molecule? (b) What wavelength of light corre-
sponds to the energy difference between the n = Landn = Olev-
els? In what region of the spectrum does this wavelength lie?
42,49 + The hydrogen iodide (HI) molecule has equilibrium sepa-
ration 0.160 nm and vibrationat frequency 6.93 X 107 Hz. The
mass of a hydrogen atom is 1.67 X 10%" kg, and the mass of an
iodine atom is 2.11 X 10723 kg. (a) Calculate the moment of iner-
tia of HI about a perpendicular axis through its center of mass.
(b) Calculate the wavelength of the photon emitted in each of the
following vibration-rotation transitions: (i) 7 == L,i=1—-n=0,
=0, () n=1i [=2->a=0 1I=1 () rn=2
I=2—>sn=1I=3

4250 »+ Prove this stalement: For free electrons in a solid, if a
state that is at an energy AE above Ep has probability P of being
occupied, then the probability is | — £ that a state at an energy
AE below Eg is oceupied.

42,51 »» Compute the Fermi energy of potassium by making the
simple approximation that each atom contributes one free electron.
The density of potassium is 851 kg/ me, and the mass of a single
potassium atom is 6.49 X 102 kg.

42.52 + Hydrogen is found in two naturally occurring isotopes;
normal hydrogen (containing & single proton i its nucleus) and deu-

terium (having a proton and a peutron), Assuming that both mole-
cules are the same size and that the proton and neutron have the
same mass (which is almost the case), find the ratio of (2) the energy
of any given rotationat state in a diatomic hydrogen molecule to the
encrgy of the same state in a diatomic deuterium molecule and (b)
the energy of any given vibrational state in hydrogen to the same
state in deuterium (assurning that the force constant is the same for
both molecules). Why is it physically reasonable that the force con-
stant would be the same for hydrogen and deuterium molecutes?
49,53 »+o Metallic lthium has a bee crystal structure. Each unit
cell is a cube of side length a = 0.35 nm. (a) For a bee lattice,
what is the number of atoms per unit volume? Give your answer in
terms of a. (Hint: How many atoms are there per unit cell?)
(b) Use the result of part {(a) to calculate the zero-temperature
Fermi energy Egq for metallic lithium. Assume there is one free
electron per atom.

4254 -+ CALC The one-dimensional cajculation of Example 42.4
(Section 42.3) can be extended to three dimensions. For the three-
dimensionat fcc NaCl lattice, the result for the potential energy of
a pair of Na* and CI” ions due to the electrostatic interaction with
all of the ions in the crystal is U = —ae? [dmegr, where oo = 175
is the Madelung constant. Another contribution to the potential
energy is a repulsive interaction at smatl ionic separation r due to
overlap of the electron clouds. This contribution can be repre-
sented by A/r3, where A is a positive constant, so the expression
for the total potential energy is

oe? A

Urae = degr * B

(a) Let ry be the value of the ionic separation r for which U isa
minimura. Use this definition to find an equation that relates ry and
A, and use this to write Uy, in terms of rg. For NaCl, |
rg = 0.281 nm, Obtain a numerical value {in electron volts) of Uy,
for NaCl. (b) The quantity - U, is the energy required to remove a
Na* jon and 2 Cl” ion from the crystal. Forming a pair of neutral
atoms from this pair of ions involves the release of 5.14 eV (t
ionization energy of Na) and the expenditure of 3.61 eV (the elec
tron affinity of CE). Use the result of part (a} to calculate the enerky
required to remove 4 pair of neuteal Na and Cl atoms from the
crystal. The experimental value for this quantity is 6.39 eV, h
well does your calculation agree? '
4255 +» CALEC Consider a system of ¥ free electrons within 2 v
ume V. Even at absolute zero, such a system exetts a pressure p
its surroundings due to the motion of the electrons. To calc
this pressure, imagine that the volume increases by a small amoun
dV. The electrons will do an amount of work pdV on their
roundings, which means that the total energy Ey, of the elec
will change by an amount dE,, = —pdV. Hence p = —dEq
(a) Show that the pressure of the electrons at absolute zero is’

32/3?1_4/3#2 (N 5/3
P= S5m V)

(b) Evaluate this pressure for copper, which has a free-
concentration of 8.45 X 1028 m™>, Express your result in
and in atmospheres. {¢) The pressure you found in part;ito,
extremely high. Why, then, don’t the electrons in a piece of.00
simply explode out of the metal? '
42,56 +» CALC When the pressure p on 4 material increast
amount Ap, the volume of the material will change fr
V + AV, where AV is negative, The bulk modulus B of
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nial is defined to be the ratio of the pressure change Ap to the
absolute value [A V/V} of the fractional volume change. The
greater the bulk modulus, the greater the pressure increase required
for a given fractional volume change, and the more incompressible
the material (see Section £1.4). Since AV < 0, the bulk moduiug
can be written as B = —Ap/(AV/V). In the limit that the pres-
sure and volume changes are very small, this becornes

B=—y—
Vav

(a) Use the result of Problem 42.55 to show that the bulk modulus
for a system of ¥ free electrons in a volume ¥ at low temperatures
is B= %p. (Hint: The quantity p in the expression B =
—V(dp/dV) is the evernal pressure on the system. Can you
explain why this is equal to the internal pressure of the system
itself, as found in Problem 42.557) (b) Evaluate the bulk modulus
for the electrons in copper, which has a free-electron concentration
of 8.45 x 108 3, Express your result in pascals. (¢) The actual
butk modulus of copper is 1.4 % 10! Pa. Based on your result in
part (b}, what fraction of this is due to the free clectrons in copper?
(This result shows that the free electrons in a metal play a major
role in making the metal resistant to compression.) What do you
think is responsible for the remaining fraction of the bulk modulus?
42.57 »+ In the discussion of free electrons in Section 42.5, we
assumed that we could ignore the effects of relativity. This is not
a safe assumption if the Fermi energy is greater than about
ﬁmc2 (that is, more than about 1% of the rest energy of an elec-
tron). {a) Assume that the Fermi energy at absolute zero, as given

by Eq. (42.19), is equal to ﬁmcz. Show that the electron concen-
tration is

N 238
V.o 3000x%3

and determine the numerical valye of N/V. (b)Y ks ita good approx-

" imation to ignore relativistic effects for electrons in a metal such as

copper, for which the electron concentration 5845 X 108 w39
Explain. {c) A white dwarf star s what is Teft behind by a star like
the sun after it has ceased to produce energy by nuclear reactions,
{Our own sun will become a white dwarf star in another 6 X 10?
years or 50.) A typical white dwaif has mass 2 X 1030 kg (compa-
rable to the sun) and radius 6000 km (comparable to that of the
earth). The gravitational attraction of different parts of the white
dwarf for each other tends to compress the star; what prevents it
from compressing is the pressure of free electrons within the star
(see Problem 42.55). Estimate the ¢lectron concentration within a
typical white dwarf star using the following assumptions: {i) the
white dwarf star is made of carbon, which has a mass per atom of
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Answers

1.99 X 1076 kg; and (ii) all six of the electrons from each carbon
atom are able to move freely throughout the star. (B Is it 2 goog
approximation to ignore relativistic effects in the structure of a
white dwarf star? Explain.

42.58 +« GP A vadable DC battery is connected in series with g
125-4} resistor and a p-n junction diode that has a sattration cur-
rent of 0.625 mA at room temperature (20°C). When a voltmeter
across the 125-{) resistor reads 35.0 V, what are (a) the voltage
across the dicde and (b) the resistance of the diode?

CHALLENGE PROBLEMS

42,59 «+« €P Van der Waals bonds arise from the interaction
between two permanent or induced eleciric dipole moments in 2
pair of atoms or molecules, (a) Consider two identical dipoles,
each consisting of charges *+¢ and —g separated by a distance ¢
and oriented as shown jn Fig. P42.59a. Calculate the electrie
potential energy, expressed in terms of the electric dipole moment
P = qd, for the situation where r > 4 [s the interaction attrac-
tive or repulsive, and how does this potential energy vary with r,
the separation between the centers of the two dipoles? (b} Repeat
part (a) for the orientation of the dipoles shown in Fig. P42.59p,
The dipole interaction is more complicated when we have to aver-
age over the relative orientations of the two dipoles due to thermal
motion or when the dipoles are induced rather than permanent.

Figure P42.59

42,60 -+« CP BALC {a) Consider the hydrogen molecule (H;) to
be a simple harmonic oscillator with an equilibrium spacing of
0.074 nm, and estimate the vibrational energy-level spacing for
Hy, The mass of a hydrogen atom is 1.67 x 10~%7 kg. (Hint: Bsti-
mate the force constant by equating the change in Coulomb repul-
sion of the protons, when the atoms move slightly closer together
than ry, to the “spring” force. That is, assume that the chemical
binding force remaing approximately constant as r is decreased
slightly from rg.) (b} Use the results of part {2} to calculate the
vibrational energy-level spacing for the deuterium molecule, Dy,
Assume that the spring constant is the same for D; as for Hy. The
mass of a denterium atom is 3.34 % 1072 ke.

Chapter Opening Question ?

Venus must radiate energy into space at the same rate that it
Teceives energy in the form of sunlight. However, carbon dioxide
(CO,) molecules in the atmosphere absorb infrared radiation

cmitted by the surface of Venus and re-emtit it toward the ground.
To compensate for this and to maintain the balance between emit-
ted and received energy, the sarface temperature of Venus and
hence the rate of blackbody radiation from the surface both
increase.




