Molecules and Crystals (Part - 1)

Q.167. Determine the angular rotation velocity of an S, molecule promoted to the
first excited rotational level if the distance between its nuclei is d = 189 pm.

Ans. In the first excited rotational level J =1
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where m is the mass of the mole cub and r; is the distance of the atom from the axis.
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0. - 1-56 x 10" rad/s
Thus m

Q.168. For an HCI molecule find the rotational quantum numbers of two
neighbouring levels whose energies differ by 7.86 meV. The nuclei of the molecule
are separated by the distance of 127.5 pm.

Ans. The axis of rotation passes through die centre of mass of the HCI molecule. The
distances of the two atoms from the centre of mass are
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Hence J = 3 and the levels have quantum numbers 2 & 3,

Q.169. Find the angular momentum of an oxygen molecule whose rotational
energy is E = 2.16 meV and the distance between the nuclei is d = 121 pm.

Ans. The angular momentum is

V2IE = M
| = Eﬁ
Now 4 (m = mass of O,molecule) = 1.9584 x 10* gm c?

So M = 368x10"" ergsec. = 3-49%

(This corresponds to J = 3)

Q.170. Show that the frequency intervals between the neighbouring spectral lines
of a true rotational spectrum of a diatomic molecule are equal. Find the moment of
inertia and the distance between the nuclei of a CH molecule if the intervals
between the neighbouring lines of the true rotational spectrum of these molecules
are equal to Ao = 5.47.10%2 s,
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Ans. From * 21

and the selection rule AJ =1 or J — J - 1 for a pure rotational spectrum we get

w(J,J-1) _'.hTJ
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Am = —,
Thus transition lines are equispaced in frequency J

In the case of CH molecule
h — 40 2
= — = 193x10
e ®xl gm cm
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so d=1117x10tcm=111.7 pm



Q.171. For an HF molecule find the number of rotational levels located between
the zeroth and first excited vibrational levels assuming rotational states to be
independent of vibrational ones. The natural vibration frequency of this molecule
is equal to 7.79.10% rad/s, and the distance between the nuclei is 91.7 pm.

Ans. if the vibrational frequency is to0 the excitation energy of the first vibrational

level will be *®o. Thus if there are J rotational levels contained in the band between the
ground state and the first vibrational excitation, then

J(J+1)H
g« S

where as stated in the problem we have ignored any coupling between the two. For HF
molecule

I 2T 2 o 1336 10~ * gm cm?
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J(J+1) = = 1974

Then

ForJ=14,J(J+1)=210.ForJ-13,J(J+1)=182. Thus there lie 13 levels between
the ground state and the first vibrational excitation.

Q.172. Evaluate how many lines there are in a true rotational spectrum of CO
molecules whose natural vibration frequency is ® = 4.09.10* st and moment of
inertia | = 1.44.10*gecm>.

2Ty
Ans. We proceed as above. Calculating #  we get
I
Z_I;ﬂu = 1118

2

J(T+1) = (.nl)
Now this must equal 2

Taking the square root we get J = 33.

Q.173. Find the number of rotational levels per unit energy interval, dN/dE, for a
diatomic molecule as a function of rotational energy E. Calculate that magnitude
for an iodine molecule in the state with rotational quantum number J = 10. The
distance between the nuclei of that molecule is equal to 267 pm.



Ans. From the formula
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For an iodine molecule
I =md¥ 2 =7*57 x 10*gm cm?
Thus for J =10

dN I /
dE = + -
zn’-a—fuh 1) " Vig+)#

Substitution gives

:_: = 104 x 10* levels per eV

Q.174. Find the ratio of energies required to excite a diatomic molecule to the first
vibrational and to the first rotational level. Calculate that ratio for the following
molecules:

Molecule w, {0 s=t d, pm
(a) H, 8.3 T4
(b} HI 4,35 160
(c) 1q 0 4 267

Here o is the natural vibration frequency of a molecule, d is the distance between
nuclei.

Ans. For the first rotational level

Here o = frequency of vibration. Now

mym
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(a) For H, molecule | = 4-58 x 10*gm c¢cmz and § = 36
(b) For HI molecule,
| = 4.2 47 x 10*°gmcmz and 5 = 175



(c) For I, molecule

| = 7.57 x 10=%gmeme and © = 272

Q.175. The natural vibration frequency of a hydrogen molecule is equal to
8.25.10 s+, the distance between the nuclei is 74 pm, Find the ratio of the number
of these molecules at the first excited vibrational level (v = 1) to the number of
molecules at the first excited rotational level (J = 1) at a temperature T = 875 K. It
should be remembered that the degeneracy of rotational levels is equal to 2J + 1.

.hl
Ans. The energy of the molecule in the first rotational level will be ¥ .The ratio of tire
number of molecules at tire first excited vibrational level to the number of molecules at
the first excited rotational level is
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For the hydrogen molecule ‘

- 458 x 10~ * gm cm?

Substitution gives 3.04 x 10+

Q.176. Derive Eq. (6.4c), making use of the Boltzmann , distribution. From Eq.
(6.4c) obtain the expression for molar vibration heat capacity C, vib of diatomic
gas. Calculate C,vib for Cl, gas at the temperature 300 K. The natural vibration
frequency of these molecules is equal to 1.064 » 10 s:

Ans. By definition
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Thus for one gm mole of diatomic gas
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where R = Nk is the gas constant

ho | 57088

In the present case KT

and Cy,, = 056R

Q.177. In the middle of the rotation--vibration band of emission spectrum of HCI
molecule, where the *"zeroth™ line is forbidden by the selection rules, the interval
between neighbouring lines is Ao = = 0.79.10=s, Calculate the distance between

the nuclei of an HCI molecule.

Ans. In the rotation vibration band the main transition is due to change in vibrational
quantum number v — v - 1. Together with this rotational qguantum number may change.
The “Zcroeth line” 0 — 0 is forbidden in this case so the neighbouring lines arise due
to 1 — 0 or 0 — 1 in the rotational quantum number. Now
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Aw = 2h 2h

Hence I wd
2h
d=-V —
Aw
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Substitution gives d = 0.128 nm .

Q.178. Calculate the wavelengths of the red and violet satellites, closest to the fixed
line, in the vibration spectrum of Raman scattering by F, molecules if the incident
light wavelength is equal to A, = 404.7 nm and the natural vibration frequency of
the molecule is ® = 2.15.10= s,

Ans. If Az = wavelength of the red satellite

and A, = wavelength of the violet satellite
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Substitution gives

Ag = 4243 nm
Ay = 3868 nm

The two formulas can be combined to give
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Q.179. Find the natural vibration frequency and the quasielastic force coefficient
of an S, molecule if the wavelengths of the red and violet satellites, closest to the
fixed line, in the vibration spectrum of Raman scattering are equal to 346.6 and
330.0 nm.

Ans. As in the previous problem



0 e - ZEGE)
ol b by =1.368 x 10* rad/s

The force constant x is defined by

x-pml

where p= reduced mass of the S, molecule.
Substitution gives x = 5.01N/cm

Q.180. Find the ratio of intensities of the violet and red satellites, closest to the
fixed line, in the vibration spectrum of Raman scattering by Cl, molecules at a
temperature T = 300 K if the natural vibration frequency of these molecules is ® =
1.06.10« s+ . By what factor will this ratio change if the temperature is doubled?

Ans. The violet satellite arises from the transition 1—0 in the vibrational state of the
scattering molecule while the red satellite arises from the transition 0 — 1. The
intensities of these two transitions are in the ratio of initial populations of the two states
I.e. in the ratio

E—Iw‘l’l‘

1,
Thus E

- e AT L 0.067

If the temperature is doubled, the rato increases to 0.259, an increase of 3.9 times.

Q.181. Consider the possible vibration modes in the following linear molecules:
(a) CO,(O — C—O0); (b) C:H, (H—C —C—H).

Ans. (a) CO,(0O-C-0)

The molecule has 9 degrees of freedom 3 for each atom. This means that it can have up
to nine frequencies. 3 degrees of freedom correspond to rigid translation, the frequency
associated with this is zero as the potential energy of the system can not change under
rigid translation. The P.E. will not change under rotations about axes passing through
the C-atom and perpendicular to the O - C - O line. Thus there can be at most four non
zero frequencies. We must look for modes different from the above.

O— % —O:wy

One mode is



O—@——0Q:;

Another mode is

These are the only collinear modes.

i 0 4

(vibration in & + to the plane of paper).

A third mode is doubly degenerate :

(b)CH,(H-C-C-H)
There are 4 x 3 - 3 - 2 =7 different vibrations. There are three collinear modes.
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Two other doubly degenerate frequencies are
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together with their counterparts in the plane 4" to the paper.



Q.182. Find the number of natural transverse vibrations of a string of length | in
the frequency interval from o to o + do if the propagation velocity of vibrations is
equal to v. All vibrations are supposed to occur in one plane.

Ans. Suppose the string is stretched along the x axis from x = 0 to x = | with the end
points fixed. Suppose y(X, t) is the transverse displacement of the element at x at time t.
Theny (X, t) obeys

Iy 22y
ar? ax

We look for a stationary wave solution of this equation

ylx,t) = Asin%—xsiu[mt%ﬁ]

where A & 0 are constants.. In this from y = 0 at x = 0. The further condition
y=0atx=1

ol Nx, N>0

implies v

N=—uwn

or nv

N is the number of modes of frequency < .

dN = ﬁdm
Thus

Q.183. There is a square membrane of area S. Find the number of natural

vibrations perpendicular to its plane in the frequency interval from o to ® + do if
the propagation velocity of vibrations is equal to v.

Ans. Let 5(%»7) pe the displacement of the element at (x , y) at time t. Then it obeys
the equation

IE _ of9°E, Ik
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Where E=0 atx=0,x=1,y=0 and y =L



We look for a solution in the form

E=Asink,xsink;ysin(we+8)

2 2
Then © =7 (K+8)

we write this as

2
v
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Here n, m >0 . Each pair (n, m) determines a mode. The total number of modes whose
lw
frequency is < o is the area of the quadrant of a circle of radius *v i.e.
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where S = 12 is the area of the membrane.

Q.184. Find the number of natural transverse vibrations of a right angled
parallelepiped of volume V in the frequency interval from o to o + do if the
propagation velocity of vibrations is equal to v.

Ans. For transverse vibrations of a 3-dimensional continuum (in the form of a cube say)
we have the equation
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Here 5 = 5(=% %) \we |00k for solutions in the form

E.- Isini:lx,sinkﬂ,sink;-z,sin{muﬁ}



This requires ®° = v’ (K + G +K)

From the boundary condition that § = 0 forx=0,x=l,y=0,y=1,3=0,3= L 0 4ot

nm L fig
b= k=T b

where n;; n,, N; are nonzero positive integers.
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We then get

Each triplet (n;; n,, n;) determines a possible mode and the number of such modes
lw

whose frequency <o is the volume of the all positive octant of a sphere of radius nv
Considering also the fact that the subsidiary condition div §=0 implies two

independent values of 4 for each choice of the wave vector (ki, ks, ki)

we find
1 dx(lw\ Va®
H[m}'g*T(ﬁ] ‘E-m
Thus
Vol
dﬂ-ﬁdm.

Q.185. Assuming the propagation velocities of longitudinal and transverse
vibrations to be the same and equal to v, find the Debye temperature

(a) for a unidimensional crystal, i.e. a chain of identical atoms, incorporating

n, atoms per unit length;

(b) for a two-dimensional crystal, i.e. a plane square grid consisting of identical
atoms, containing n, atoms per unit area;

(c) for a simple cubic lattice consisting of identical atoms, containing n, atoms per
unit volume.

Ans. To determine the Debye temperature we cut off the high frequency modes in such
a way as to get the total number of modes correctly.



(a) In a linear crystal with n,l atoms, the number of modes of transverse vibrations in
any given plane cannot exceed n,l. Then
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The cut off frequency . is related to the Debye temperature @ by

o, = kO

(= R
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(b) In a square lattice, the number of modes of transverse oscillations cannot exceed
N.S.

Thus

lI!ﬂ

S 5 2
S = fﬂ}dm* uy
2av 5 4 v

N 9—%ND—EJ(M)?

(c) In a cubic crystal, the maximum number of transverse waves must be 2n, V (two for
each atom). Thus
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Thus



Molecules and Crystals (Part - 2)

Q.186. Calculate the Debye temperature for iron in which the propagation
velocities of longitudinal and transverse vibrations are equal to 5.85 and 3.23 km/s
respectively.

Ans. We proceed as in the previous example. The total number of modes must be 3n,v
(total transverse and one longitudinal per atom). On the other hand the number of
transverse modes per unit frequency interval is given by

Vo

dN' =
v

d wm

while the number of longitudinal modes per unit frequency interval is given by

V'

dn! =
Zﬂzv;

d w

The total number per unit frequency interval is
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If the high frequency cut off is at = ™ the total number of modes will be

3
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Here n, is the number of iron atoms per unit volume. Thus

h 2 1
B = E[lgxiﬂu/ [Eﬁ-;}]]

For iron
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(p = density, M = atomic weight of iron N. = Avogadro number).
n, = 8.389 x 10% per cc
Substituting the data we get

B = 4691 K

Q.187. Evaluate the propagation velocity of acoustic vibrations in aluminium
whose Debye temperature is © =396 K.

Ans. We apply the same formula but assume ¥I = Y+ Then

o = %v[ﬁn%a}”

v = k@/ [h(6xm)"]

or

For Al

ny = P:“ = 6023 x 10% per c.c
Thus v =3.39 km/s .

The tabulated values are VI = &3 km/s

and Y+ " 31 kmss .

Q.188. Derive the formula expressing molar heat capacity of a unidimensional
crystal, a chain of identical atoms, as a function of temperature T if the Debye

temperature of the chain is equal to ®. Simplify the obtained expression for the
case T>> ©,

Ans. In the Debye approximation the number of modes per unit frequency interval is
given by

dN = —I—dm 0= m:LE?-
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dN = Lc.’!m,. 0s ws mmyv
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The energy per mode is

Then the total interval energy of the chain is
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We put In, it = for 1 mole of the chain.
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2
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Then 0

Hence the molar heat capacity is by differentiation
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when T>>8,C, =R,

Q.189. In a chain of identical atoms the vibration frequency ® depends on wave

number Kk as ® = @ sin (ka/2), where ... IS the maximum vibration frequency, k
= 27/} is the wave number corresponding to frequency o, a is the distance between
neighbouring atoms. Making use of this dispersion relation, find the dependence of
the number of longitudinal vibrations per unit frequency interval on o, i.e. dN/dw,



if the length of the chain is | Having obtained dN/dw, find the total number N of
possible longitudinal vibrations of the chain.

Ans. If the chain has N atoms, we can assume atom number 0 and N +1 held ficed.
Then the displacement of the n™ atom has the form

Uy - A[sinﬂf'ua]sinmt

k=X
Here L Allowed frequencies then have the form

ka

[ sin-i-
In our form only +ve k values are allowed.
The number of modes in a wave number range dk is

ay oLk Lk,

ndo

But

do = Emmmak—adk
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I.e. the number of atoms in the chain.



Q.190. Calculate the zero-point energy per one gram of copper whose Debye
temperature is © =330 K.

9
. . =R®. i
Ans. Molar zero point energy is 8 The zero point energy per gm of copper

9RE

m- MC-

IS is the atomic weight of the copper.

Substitution gives 48-6 J/gm .

Q.191. Fig. 6.10 shows heat capacity of a crystal vs temperature in terms of the
Debye theory. Here C, is classical heat capacity, © is the Debye temperature.
Using this plot, find:

(a) the Debye temperature for silver if at a temperature T = 65 K its molar heat
capacity is equal to 15 J/(mol*K);

(b) the molar heat capacity of aluminiumat T =80 K ifat T = 250 K it is equal to
22.4 J/(mol*K);

(c) the maximum vibration frequency for copper whose heat capacity at T = 125 K
differs from the classical value by 25%
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( - - 4 d o
g T; 4 s o 78
Fig. 6.40.

Ans. (a) By Dulong and Petit's law, the classical heat capacity is 3 R - 24-94 J/K -
mole. Thus

CCI

From the graph we see that this



c

-E— l’ = (-29
value of =< corresponds to

e

65
0 = —— = 24K
Hence 0-29

724

'Ixgalg - 8%

(b) 22.4 J/mole - K corresponds to From the graph this corresponds to

T 0 = D2 385K

e ™ " This gives 065

T _ o208

Then 80 K corresponds to ©

-
Clﬂ'

The corresponding value of is 0.42. Hence C =10.5 J/mole - K .

[
(c) We calculate © from the datum tha €et =0.75at T = 125K .

The x-coordinate corresponding to 0.75 is 0.40. Hence

125
B-—uﬂlﬂlﬁl(

Now  ¥© =7 ®ns

SO @max = 409 x 10" rad/sec

Q.192. Demonstrate that molar heat capacity of a crystal at a temperature T << ©
, where © is the Debye temperature, is defined by Eq. (6.4f).

Ans. We use the formula (6.4d)
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In the limit T<<®

derivatives.

the third term in the bracket is exponentially small together wil

Then we can drop the last term

U= Const + —T‘ f X dx

Thus

o)l 2

0

Now from the table in the book

Thus

Note Call the 3« term in the bracket above - U; Then

4
nf| 2 __ =
U"(e] fzmawzl e Tdx

BsT

s

2sinhZ
The maximum value of 2 js a finite + v e quantity C, for 0 <x < ® Thus

4
Uy = zr:u(g—] e 97T

d U,
] ) T—*0.50is ria
we see that U, is exponentially small as



Q.193. Can one consider the temperatures 20 and 30 K as low for a crystal whose
heat capacities at these temperatures are equal to 0.226 and 0.760 J/(mol- K)?

Ans. At low temperatures € = T.. This is also a test of the “ lowness ” of the
temperature We see that

13

Cy I, 30
—| =14982 = 15 = — = —
(c:2 T, " 20

Thus T3 law is obeyed and T,, T,can we regarded low .

Q.194. Calculate the mean zero-point energy per one oscillator of a crystal in
terms of the Debye theory if the Debye temperature of the crystal is equal to ©.

9
8

Ans. The total zero point energy of 1 mole of the solid is Re. Dividing this by the

: . —k@
number of modes 3N we get the average zero point energy per mode. Itis #

Q.195. Draw the vibration energy of a crystal as a function of frequency
(neglecting the zero-point vibrations). Consider two cases: T= ©/2and T = ©/4,
where ® is the Debye temperature.

Ans. In the Debye model

dN, -Amz, 0=w=xw,

Amz,
AIN= | dN, = 3 -
Then 0 (Total no of modes is 3N)
A=23.
Thus "

r 2
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ignoring zero point energy
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Thus

For
T=8/2, this is hil; for
I -

Tz%, it is

&/ for

O=x=1

e'*-1 Plotting then we get the figures given in the answer.

Q.196. Evaluate the maximum values of energy and momentum of a phonon
(acoustie quantum) in copper whose Debye temperature is equal to 330 K.

Ans. The maximum energy of the phonon is

Trw, = kO = 284 meV

On substituting © - 330K .

To get the corresponding value of the maximum momentum we must know the

dispersion relation @ = @ (%) For small (F) we know @ = vIE1 where v is velocity o f

sound in the crystal. For an order of magnitude estimate we continue to use this result

for high Lt Then we estimate v from the values of the modulus of elasticity and density
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p

. 100G = R . 3
We write E _ Pa, p = 89 x 10" kg/m

3
Then Y L 3x10"m/s

— h
Pkl —2_ 15x10" " gmems™!
Hence v

Q.197. Employing Eq. (6.49), find at T = 0:

(a) the maximum kinetic energy of free electrons in a metal if their concentration
is equal to n;

(b) the mean kinetic energy of free electrons if their maximum Kinetic energy
Trax 1S Known.

Ans. (a) From the formula

_VamZ
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dn > EYdE

the maximum value E...of E is determined in terms of n by

E
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(b) Mean K.E. < E >is
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Q.198. What fraction (in per cent) of free electrons in a metal at T = 0 has a Kinetic
energy exceeding half the maximum energy?

Ans. The fraction is

E,

E_
" .wadE/ fEWdE
o

Ly -1-2"% w 0646 or 646 %

1-

Q.199. Find the number of free electrons per one sodium atom at T =0 if the
Fermi level is equal to E- = 3.07 eV and the density of sodium is 0.97 g/cms.

Ans. We calculate the concentration n of electron in the Na metal from
Epy = Ep = 2 3r2np”
2m
we get from
Ep = 307eV o 2.447 2 104 per €.C.

From this we get the number of electrons per one Na atom as

‘I:-II:I
SES

where p = density of Na, M = molar weight in gm of Na, N. = Avogadro number

we get

0.963 elecrons per one Na atom.

Q.200. Up to what temperature has one to heat classical electronic gas to make the

mean energy of its electrons equal to that of free electrons in copper at T = 0? Only
one free electron is supposed to correspond to each copper atom.



3 3
Ans. The mean K.E. of electrons in a Fermi gas is 5E% This must equal 2*T Thus

2E;

T= 5%

We calculate E:first For Cu

Ny - PN,
M/p M

n = =“8-442 x 107 per c.c.

Then E--7.01 eV

and T=3-25x10*K



Molecules and Crystals (Part - 3)

Q.201. Calculate the interval (in eV units) between neighbouring levels of free
electrons in a metal at T = 0 near the Fermi level, if the concentration of free
electrons is n = 2.0.102 cm= and the volume of the metal isV = 1.0 cm?

Ans. We write the expression for the number of electrons as

VV2m'?

171
dN = ——5— EVdE

L4

Hence if A £ is the spacing between neighbouring levels near the Fermi level we must
have

Vvyzm??

2= — 5 EXAE

(2 on the RHS is to take care of both spins / electrons). Thus

V2 22

AE = ———y
Vm .Ep

}1/3

h z
E}? - (3x°n
But V2m

2

So B oV oen”

Substituting the data we get

AE = 1'19x 10" 2ev

Q.202. Making use of Eq. (6.49), findat T =0:
(a) the velocity distribution of free electrons;
(b) the ratio of the mean velocity of free electrons to their maximum velocity.

Ans. (a) From

V2 m?
o~

dn(E) = EVId4E



 E=imv?, dn(E)=dn(v)
we get on using 2

Vam? 1 ?

i 2
) = Ty e T e

1
—‘"""1%' = Ep

This holds for 0 < v < v: where 2

and dn(v) =10 for v=>vg.

(b) Mean velocity is

¥ ViF
3 2 3
-e:v::--f!.r dv/fv dv =V

] o

<V >

3
Vi 4‘

Q.203. On the basis of Eq. (6.4g) find the number of free electrons ina metal at T =
0 as a function of de Broglie wavelengths

Ans. Using the formula of the previous section

m_ 2
dn(v) 243 vidv
2ah
mv = 3 )
We put where A = de Broglie wavelength

mdv = - 258 4y,
A

Taking account of the fact that A decreases when v increases we write

@nldr _8x

dn(h) = —dn(v) = =505 =

d

Q.204. Calculate the electronic gas pressure in metallic sodium, at T =0, in which
the concentration of free electrons is n = 2.5.102 cm=. Use the equation for the
pressure of ideal gas.



Ans. From the Kinetic theory of gasses we know

F-

T | [
==

Here U is the total interval energy of the gas. This result is applicable to Fermi gas also
NowatT =0

U=Uy=N<E>=nV<E>

2
= —pn<f>
SO P=3

2 3 2
= SHKE.EF = :_—rﬂ.Ep

= % {3 112)2-"3 nS-"ﬁ

Substituting the values we get
p =4.92 x 10* atmos

Q.205. The increase in temperature of a cathode in electronic tube by AT =1.0 K
from the value T= 2000 K results in the increase of saturation current by n
= 1.4%. Find the work function of electron for the material of the cathode.

Ans. From Richardson’s equation

[ =aT e V* T

where A is the work function in eV. When T increases by AT, I increases to (1 +n)L.
Then

2 Al T 2 A AT
=Ly e — ] _ﬁ. -—-_‘
1+1]_[T+;T) En—(rur J._(]*__fz] o ¥ TeaT

AT
Expanding and neglecting higher powers of T we get

n= ET-'-I:TQ&T
A= tr[%-z]
Thus



Substituting we get A =448¢eV

Q.206. Find the refractive index of metallic sodium for electrons with Kinetic
energy T =135 eV. Only one free electron is assumed to correspond to each
sodium atom.

Ans.
outside
| © o
A t
: A ou
F inside
inside Yo

The potential energy inside the metal is - U, for the electron and it related to the work
function A by

U=E+A
If T is the K.E. of electrons outside the metal, its K.E. inside the metal will be (E + U,).

On entering the metal electron connot experience any tangential force so the tangential
component of momentum is unchanged. Then

Y2mTsino = V2m(T+ Uy siu

Hence
sim ot Uy
12 - Viiet - I .
sin 3 T n by the definition of refractive index

In sodium with one free electron per Na atom
n = 2.54 x 10% per c.c.
E-=3.15eV
A =2.27 eV (from table)
0 =542eV
n =102



Q.207. Find the minimum energy of electron-hole pair formation in an impurity-
free semiconductor whose electric conductance increases n = 5.0 times when the
temperature increases from T, = =300 K to T, = 400 K.

Ans. In a pure (intrinsic) semiconductor the conductivity is related to the temperature
by the following formula very closely:

o = gge” BV3HT

where Ag is the eneigy gap between the top of valence band and the bottom of
conduction band; it is also the minimum energy required for the formation of electron-
hole pair. The conductivity increases with temperature and we have

n
Ae =T,
Ian =TT,
or
2k, Ty
E = ———-Inm
T,-T,
Hence 2

Substitution gives

Ae = 0:333eV = E_,

Q.208. At very low temperatures the photoelectric threshold short wavelength in
an impurity-free germanium is equal to A, = 1.7um. Find the temperature
coefficient of resistance of this germanium sample at room temperature.

Ans. The photoelectric threshold determines the band gap Ag by

2ahe

At

On the other hand the temperature coefficient of resistance is defined by (p is
resistivity)

dp _d_ _d
dT-dTlnp In o>

o= dT

v |-

where ¢ is the conductivity. But



Ae
2kT

Ing = Ilnog-

AE nhe

- = - -0047K"!
24T kT,

Then

Q.209. Fig. 6.11 illustrates logarithmic electric conductance as a function of

reciprocal temperature (7' in KK units) for some
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Fig. 6.11.

n-type semiconductor. Using this plot, find the width of the forbidden band of the
semiconductor and the activation energy of donor levels.

Ans. At high temperatures (small values of T) most of the conductivity is intrinsic i.e.
it is due to the transition of electrons from the upper levels of the valance band into the
lower levels of conduction vands.

For this we can apply approximately the formula

£y

g = ﬁg:xp[ézk},

] = -
ho = ln o E_Li F
or

From this we get the band gap

Alng
Eg = '“auxr}

=
5
Q

=

p.
——
S1=

The slope must be calculated at small T Evaluation gives =7000 K

Hence E,=121eV



1
At low temperatures (high values of lr) the conductance is mostly due to impurities. If

E. is the ionization energy of donor levels then we can write the approximate formula

(valid at low temperature)

' ' 'ED
o' = o'y exp|-577

E, = 24T AINC
1
(1
SO i

The slope must be calculated at low temperatures. Evaluation gives the slope

]

&
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Q.210. The resistivity of an impurity-free semiconductor at room temperature is p
=50 Qecm. It becomes equal to p;= 40 Qecm when the semiconductor is
illuminated with light, and t = 8 ms after switching off the light source the
resistivity becomes equal to p, = 45 Qecm. Find the mean lifetime of conduction
electrons and holes.

Ans. We write the conductivity of the sample as

o = 0;+0,

where o; = intrinsic conductivity and o, IS the photo conductivity. At t = 0, assuming
saturation we have

1 1
1 _1 of O, m —==
pr p O "opop

Time t after light source is switched off
we have because of recombination of electron and holes in the sample

-8 ST
0 =0;+0, €



where T = mean lifetime of electrons and holes.

1

P p2lp-p1)
1 plp=-p2)
[

or

T=t/In pzlp-p1)

. . T w98 ms_00lsec
Substitution gives ms BT see

Q.211. In Hall effect measurements a plate of width h =10 mm and length | =50
mm made of p-type semiconductor was placed in a magnetic field with induction B
= 5.0 kG. A potential difference V = 10 V was applied across the edges of the plate.
In this case the Hall field is V.= 50 mV and resistivity p = 2.5 Qecm. Find the
concentration of holes and hole mobility.

Ans.

————f—————

We shall ignore minority carriers.
Drifting holes experience a sideways force in the magnetic field and react by setting up
a Hall electric field E, to counterbalance it Thus

V
u:B-Ey-f

If the concentration of carriers is n then



fl: =-nEevy,

J=
V4 _ihB
Hence eV, hB EVH

_ hmoE=E/p =t
Also using P

VhB

N
we get epiVy

Substituting the data (note that in MKS unitsB=5.0k G =0.5T)
p=2.5x 10?2 ohm-m
we get n=499x 102 m=

=4.99 x 10 per cm?

Also the mobility is Es
Substitution gives U,=0.05m% V -s

Q.212. In Hall effect measurements in a magnetic field with induction B = 5.0 kG
the transverse electric field strength in an impurity-free germanium turned out to
be n = 10 times less than the longitudinal electric field strength. Find the difference
in the mobilities of conduction electrons and holes in the given semiconductor.

Ans.

—
® e W

h
Vi

If an electric Geld Ex is present in a sample containing equal amounts of both electrons
and holes, the two drift in opposite directions.

In the presence of a magnetic field B, = B they set up Hall voltages in opposite
directions.



The net Hall electric field is given by

E, = (v;=v;)B

= (upug) E, B

E
E."—-lHenﬂe
But = M

g - ] = =
né

ituti ; ug — g | = 0-2m*/volt -
Substitution gives o - ug| volt - sec

Q.213. The Hall effect turned out to be not observable in a semiconductor whose
conduction electron mobility was n = 2.0 times that of the hole mobility. Find the

ratio of hole and conduction electron concentrations in that semiconductor

AnNS.

Bl | W ¥ |® B

When the sample contains unequal number of carriers of both types whose mobilities
are different, static equilibrium (i.e. no transverse movement of either electron or holes)
is impossible in a magnetic Geld. The transverse electric Geld acts differently on
electrons and holes. If the E, that is set up is as shown, the net Lorentz force per unit
charge (effective transverse electric Geld) on electrons is

E,-v;B

and on holes

+
E,+v.B

(we are assuming B = B,). There is then a transverse drift of electrons and holes and the
net transverse current must vanish in equilibrium. Using mobility

ugN,e(E, - E,B) + Nyeug (E,+ ugE,B) = 0



Noug - Nug®

E = - "
N, up + Ny uy

3 E.B
or

On the other hand
Je = (Noug + Nyug ) e E,
Thus, the Hall coefficient is

i N, uﬂ_z - Ny ‘HJ 2

R 5
TR T R TN N el
M B € (N ug+Nyug)

We see that R, = 0 when
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