Solutionsfor 2005 Final Exam
I ntroduction to Nanotechnology- An Overview |

I (10 points) Below is the plot showing the mass spectrum of Pb clusters.
Please explain the term of “*Magic number of atoms™ in nanoparticle and cluster

What 1s 1t and its mechanism?
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2. (10 points) Below is the plot of ¥ vs. T for FeSiz nanoparticles.

Please explain

a. The term of “Paramagnetism”™

b.What is the Blocking temperature?

c. the reason for the difference. of  FC and ZFC curves,

d. Why Tg 1s proportional to K and V7 please explain it.

3 T T I
-ﬁ 22 nm
' . SEnm P B O
4 . ‘3 ! w, "
o 2r p ... £ et
E ‘.- - . a J -lll..ll:
., 1Eam SLITT I R
w Y o40nm o |
O N"Tl-“"*\.‘ 0y ] =1
= . = TiK) Te =
E " " " E
1~ b ‘ 4
X 29 nm i e )
|-+“ -“.‘""h - T .
@‘ " .,
iEE nm R .
() s oy - i . P
0 &0 100 160 200

3. {10 points)  Please explain “Phonon quanum size effect”

and “Electronic quantum size effect”
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4. (10 points)  The following plot is the magnetization vs. magnetic field for Fe
nanowires in AO template (as below),.  Would you please explain why does the

hysteresis loop become bigger as diameter decreases '/
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5010 points)

a. Please explain “coercive field”, “remnant magnetization™ and “saturation
magnetization”

b. Please explain the plot of remanent magnetization vs diameter and explain its
mechanism.

¢. Hard magnet? Soft magner?




6. ( 10 points bonus) Please describe the diameter (size) effect on the mechanical
properties for bulk nanostructured materials. elastic or inelastic 7! Hardemng, ductile

or brittle?

7. {a) (3 poinis) Calculations ol the structure of small carbon clusters by molecular
orbital theory show the clusters form two types of geometries depending on the
number ol atoms A in the clusters. Please make schematic drawings to illustrate
the geometries for N =6, 7, $and 9.

(b) (3 points) What is the diagmeter of 60 [ullerenes? 18 pure CH0 an electrical
nsulator or a superconductor? What 1s the smallest Tullerene that has been

synthesized”

Solution:

a 1.916
@ e ool

N=8 ci_{n‘m' }:

N=9 c—C—FC—C—C—C—C—C—=C

(b) Diameter of C60 fullerenes = 0.71nm. Pure C60 is an insulator
Smallest fullerene = C20.



8. (&) (5 puints) The measured (XU curves Tor two single-walled carbon
nanofubes with chiralities (11.7) and (9.9} are displayed below, What are the tube
chiralities for these curves? Why vou choose so. [Reference: Cees Dekker
(Physics Today, May, 1999, pp.22-28))
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(b} (5 pints) The following 4 curves are dFd curves measured lor four
semiconductor single-walled carbon nunotubes with different diameters: one

1. 2nm, two Ldnm and one 2.0nm. What are the corresponding tube diameters for
these curves? Why vou choose so7 | Relierence: Wildoer et al. Nature, 391, 549
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Solution:
(a) 1(a) (9.9); 1(b) (11,7);
n=m — Armchair — always metallic
11-7 = 4 (not ainteger multiple of 3) — semiconductor

(b) 2(a) 1.2nm; 2(b) 2.0nm; 2(c) 1.4nm; 2(d) 1.4nm
The wilder the tube the smaller the semiconductor gap.



9 (a) (Spoints + 3-point bonus) The siees of unit cell in A-space (or two und three
spattial dimensions with arca 1.2 and volume L are (22/L) and (2r/LY.
respectively. Assuming an effective electron mass of i please drive the density
of states as a function of energy £ tor two dimensions Dzp and tor three
dimensions Dapd E).

(b) (5 point + 3=point bonus) For o two dimensional film with thickness Lz, the

continement along z-axis results in quantized kz values in unit ot 27/Lz and
quantized energy inunitof &, = ﬁj':rl/’l-m*fé . The 2D density of states for this
conlined system forms subbands:
Dapoongnea (E) = Dyp 3\ HE = p*ez) .
P
where 9(x) =11t x = 0and =0 if x<0, and p 1s the subband index.
For thick films (large Lz). &z 1s small. and Dapeonfined( £2) approaches Dzp(F).
Please compare the confined 2D density of states with the 3D density of states by
plotting them as a function ol energy in the same graph. and equate the values at
the crossing points for p=1. 2 and 3 by setting the volume in Dsp(£) as [*L7. The
vertical axis 1s density of states in unit ol Dyp (which is the 2D density of states in
the first subband and is a constant), and the horizontal axis is energy £ in unit of
&z. I vou are not able to make a quantitative comparison, please at least make a

schematic drawing.

Solution:
(a) For 2D, Fermi region=nkg?,

2.7k L*(2m dN(E) L?(2m’
NZD(E):W:E( ZJE, D, = - :Z( 2)

n n

For 3D, Fermi regi on:%rkﬁ :

2.(47%/3) L3 (2m )" dN(E) L3 (2m )
N3D(E) — ( Fé ) — . 3 E3/2 , D3D(E) — ( ) — > : El/Z
(2z/L)*  3*( m dE 27%\ n

(B) Dy sonfinea (E) = DZDZS(E - p’s;), &z = ﬂzﬂz/Zm* I—zz
P

for p=1, E=¢;



3/2
L°L, ( 2m’
D.ocontined (€2) = Dap (62) = Zz ( nz J 52/2 =

2

for p=2, E=4¢;
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L*L, ( 2m’ . Nz’
222 | 2 ) (2m2

L2 L 2m* 3/2 L2 L 2m* 3/2
DZDconfined (482) = D3D (482) = —22 - 28?2 = 2 22 2
2r 2 n
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for p=3, E=9¢;

2

n

L’L, (2m )"
DZDconfined (952 ) = D3D (4‘92) = 722 (_] 38;/2 =

For 0<E<éz, Dyp gonines (E) =0
For &2,<E<4¢z, Djp copfines (E) = Dap
For 462<E<9¢z, Dp qfined (E) = 3Dsp

For 9&,<E<12¢y, D2Dconfined (E) = 4D,
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10.

(ad 05 poims + 2=pount Bomus ) The fgunes below showw (ledt) the biasing circuit of
i single electren transistor and (middled the caleulated current=hias voltage (1)
characteristics at = 0 and 1, = 0,16V and fright) current-gate voltage (/1)
characteristic at Fy=iom., The curves are caleulated for 7=30mk. which
corresponds o thermal energy much smaller than the charging energy of the
device, Al =0, the device displayvs a sharp Coulomb blockade feature with
threshold voltage Fa=1.28mY 2=0.64mVY, The blockade feature can be lifted by
the gute field, and the current resches the maximuem values ot =016, When
ramping gote voeltage, the current shows periodic modulation with a period
AVADA2ZY, From these curves, please figuare out the sum capacitance Cx seen by
the island (/¢ Cx =TT+ 0e). and the gate capacitance value Cg. (mole:

e=1.6= 0™ Coulomb)

(b} {3 points) The above caleulation assumes the tunnel junction resistance
R=R=100MLY 1T the resistance value is too low, the Coulomb blockade feature
will be smeared, Please give an order of estimate [or the reguired minimum
resistance value, and stute the reason

V=016V
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V=0 .11} ;
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Solution:
(a) 2Ec=0.64meV, e/C;=0.64mV, C;s=e/0.64mV=1.6x10"°C/6.4x10"*V = 250x10**F
(b) e/Cg=0.32V, Cg=e/0.32V=1.6x10"°C/0.32V=0.5aF



11, (a}{5 points) Drive the mean level spacing of metal particles using the formulae
abtained from Problem 9(a). Calculate this value (in unit of ¢ 1) for an
' . k & L 1
Au-spherical particle with diameter Snm. (note: & for Au = 12.1nm"";
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_ : If vou are not able to solve Problem 9. please then
gl 1) kg -

wrile down the formula [or the diserete encrgy levels)

(b) (3 points) The discrete energy levels may be smeared by thermal Nuctuations
as well as fast electron relaxation process. Please estimate criteria in terms ol
temperature and in terms of electron relasation time for appreciation of the
diserete levels in a Snm-diameter Au particle. (note: Planck’s constant

I 2me= 1,055 107 Js, Boltemann constant k= 1.38=10 i |
leV=1.16<10°K=16x10"), effi = 3.85=10" [ 7). s]: If you are not able i solve
(a). please write down the appropriate formulae that are to be used for the

estimations. )

Solution:
2 2.2
@ &= 2 _ 2 _ _ 23/2 _ 4r _ 27
D(¢¢) Vol (2m v Vol (2m Ke ol 2N Mk Vol
2| 2 E 52| 2 1/2 2 °F
27° 27\ n (2m) n
2.2 2 2 2
in unit of eV, o_ Zmm n = oh 3= 13 oh
e mek. Vol ZWEKF(47ZD3J 2mek.7D® 2Dk, mme
3-8
2 2 -18 2 2
0. 1 gamaaoud S o A0 TS g0y o 21084k
e 2D°k: kg-C 2.125-12.1x10" m*°-kg-C

(b) 5=1.89meV=21.934K — T << 21.9K
6=1.89meV —
fgu>> 0= _n 1 1 IS 0137x10%s=1.37ns
5 19meV el9x10°V 385x10°x1.9x10° C-V




