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In[5]:= Solve[{a*Exp[—1 %k X] +b*EXp[l xk*x] == c*EXp[—1 % j*X] +d »EXp[l % j*X],
Cx EXp[l # j*X] +d*EXp[—1 % j*X] == f «Exp[l k= Xx],
—axk*xEXp[—1 K X]+bxk+EXp[l xK*X]==—Cx* j*+ EXp[—1 % j*X] +d * j* EXp[l * j *X],
C# j*EXp[l * jx+x] —d = j«Exp[—1 * j*«x] == f xk+Exp[l «k*x],a==1}, {a, b, c, d, f}]
e—21‘1kx (_1+e41‘1jX) (—j2+k2)
2 etiIxj2 2 jk-2efiixjk-kZ+etiixK2 "’
4@21jx’2ﬁkxjk

out[s5]= {{b-

f*‘_j2+e41jxj2_2jk_2641jxjk_kz+e4ﬁjxkz’
c 2 e Ix-ikx k(1K)
T TJ24e%1iXj2 2JK 240X JKk_K2 1 eAiixk2”
2e3ﬁjx—ﬁkx (jfk) k
d%__j2+e4j1jxj2_2jk_ze4ijxjk_k2+e4j1jxk2’aﬁl}}
In[6]:= FullSimplify[%]
-2ikx 71+e4ijx) (*j2+k2) 4@21 J-k) _]k
out[6]= (b € i ,Fo
utlels {7 Gk T G-k (k)2
2el KXk (J+k) 2 el (3i-k) x (_j k)
C- - - , d— - ,a-1
R T R L Iy T S LAl
4«325(j—k)x ] k
In[7]:= ff:=- -
et iix(j-ky - (j+k)?
In[8]:= ((Re[ff]"2 + Im[ff]1~2))~!
1
out[8]= ST > — - 2
e21i (J-k) x jk e2i (J-K) x jk
16 In| i ror iz |+ 16Re | s 7 |
In[9]:= FullSimplify[Factor[ComplexExpand[%6]]]
_ j44 62K K- (j2-Kk2)?Cos[4 ] X]
Oout[9]= 852K
In[10]:= % /. {k —> Sqrt[2+mxh], j —> Sqrt[2 +m x (h - V)]}
4h2m2 +24hm? (h-v) +4m? (h-v)2- (-2hm+2m (h-v))2Cos[4+/2 v) x|

out[10]=

32hm2 (h-v)

In[11]:= fff = FullSimplify[Factor[%6]]

8h2-8hv+v2-v2Cos[4+/2 +/m (h-v) x|
8h (h-v)

out[11]=

In[12]:= fff-1

8h2-8hv+v2-v2Cos[4+/2 +/m (h-v) x|

out[12]= -1+ 8h (h-v)
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In[13]:= FullSimplify[%]

v2Sin[2+/2 +/m (h-v) x]2

out[13]= Ih h V)
Thisexpression matchesthe onefor 1/T — 1 in the book
Q—Zth -1+ @4“)() (k2 _ J2)
In[14]:= b:=

eAix(j—k? = (j+k)?

4@2$(j—k)>< J k

= X (j = k) = (j + k)?
. 228 079%K (j+ k)
Cc:=- @4ijx(j—k)2—(j+k)2

Joo 2 G0k (k- )

i (j-k)? = (j+k)?
In[18]:= bb=Db/. {k=>Sqrt[2«m=xh], j —> Sqrt[2+m = (h —Vv)]}

e 2 VZ VM X (] 4 e V2V VIX) (2hm-2m (h-V))
e4iVZ VT x (/2 /A V2 m (h-v) ) - (V2 w2 m(hov) )

out[18]=

In[19]:= cc=c/. {k—=>Sqgrt[2+m=h], j —> Sqrt[2+m % (h — v)]}

22 et (V2 R Z N T ) % R (V2 VR V2 ARV
e4iVZ RV x (/2 \/Am +~/2 v/m (h- V) )2- (V2 v/hm + /2 +/m (h-v) )2

out[19]= -

In[20]:= dd=d /. {k—>Sqrt[2+m=«h], j —=> Sqrt[2 +mx (h — )]}

22 o (V2 VRS2 BV X R (V2 VA - V2 (V) )
e4iV2 V) x (/2 hm + V2 m (h-v) ) - (V2 Vhm + 2 m (h v )

out[20]=

In[21]:= ff=f /. {k—>Sqrt[2«mx«h], j —> Sqrt2«m(h—V)]}
g 2t (/2 VW V2 Vi (Vi) x \/m +/m (h - v)

out[21]= -

et i V2 MV x (/2 Nhm + V2 m (h-v) ) - (V2 VAm s vZ v )

Now lets find some typical numbers for the coeeficients. The unitsare such that thingsare
the mass for 1 electron k~1 /angstromsenergiesare in ev. misset to 5 to make the units work

In[22]:= Norm[N[bb/. {m -5 h—- .8, v->1, x> 1}]]

out[22]= 0.995527

In[23]:= Norm[N[cc/. {m -5 h—-> 8, v->1 x - 1}]]

out[23]= 0.434473

In[24]:= Norm[N[dd /. {m =5, h—> 8, v—>1, x> 1}]]
out[24]= 0.0256799
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In[25]:=

out[25]=

In[26]:

In[27]:

In[28]:

In[29]:=

Norm[N[ff /. {m > 5, h—> 8, v—> 1, x = 1}]]
0.0944762

bbb[x_]:= Norm[N[bb /. {m - 5, h - .8, v > 1}]]
cce[x_] := Norm[N[cc /. {m - 5, h > .8, v > 1}]]
ddd[x_] := Norm[N[dd /. {m - 5, h - .8, v » 1}]]

fAFFf[x_] := Norm[N[ff /. {m - 5, h - .8, v > 1}]]

Now lets plot these coefficents vs the width of the barrier

In[30]:=

1.

out[30]=

In[31]:=

1.

out[31]=

o O o o

o O O o

Plot[bbb[x]?, {x, 0, 2}, PlotRange - {0, 1.5}]

4+

0.5 1 1.5 2

- Graphics -

Plot[cce[x]?, {X, 0, 2}, PlotRange - {0, 1.5}]

0.5 1 1.5 2

- Graphics -
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In[32]:= Plot[ddd[x]? {x, 0, 2}, PlotRange — {0, 1.5}]

0.5 1 1.5 2

out[32]= - Graphics -

In[33]: Plot[fffff[x]?, {X, 0, 2}, PlotRange - {0, 1.5}]

1.4¢

o O o o

0.5 1 1.5 2
Out[33]= - Graphics -
check that the term growing in the barrier does not dominate, i.e. plot growing term/falling term vs width
In[34]:= Plot[(ddd[x] * Exp[x])? / (cccx] = Exp[-x1)?, {X, 0, 2}, PlotRange - {0, 1.5}]

1.4¢

0.5 1 1.5 2
Out[34]= - Graphics -

CheckthatT+R =1
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In[35]:= Plot[bbb[x]? + fffff[x]?, {X, 0, 2}, PlotRange - {0, 1.5}]

o O o O
IN

0.5 1 1.5 2

out[35]= - Graphics -

Plot T vsE whereV =1

In[36]:

fiff[h_] := Norm[NI[ff /. {m - 5, v > 1, x - 1}]]

In[37]:= Plot[ffff[h]?, {h, 0, 4}, PlotRange - {0, 1.5}]

1.4¢

o O o o

1 2 3 4
Out[37]= - Graphics -

In[38]:= pb[h_]:=Norm[N[bb/. {m->5, x> 1,v-> 1}]]
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In[39]:= Plot[pb[h]? {h, 0, 4}, PlotRange - {0, 1.5}]

1 2 3 4

Out[39]= - Graphics -

In[40]:= pf[h_]:= Norm[N[ff /. {m > 5, x> 1,v-> 1}]]

In[41]:= Plot[pf[h]? {h, 0, 4}, PlotRange - {0, 1.5}]

1.4¢

o O o o

1 2 3 a4

Out[41]= - Graphics -

Now lets go to the case where V < 0i.e. the Ramsauer effect

In[42]:= ffff[h_] := Norm[N[ff /. {m - 5, v » =5, x - 1000}]]
In[43]:= Plot[ffff[h]?, {h, .2, .206}, PlotRange - {0, 1.5}]

1.4+

1.2+

0.201 0.202 0.203 0.204 0.205 0.206

Out[43]= - Graphics -
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In[44]:= Plot[ffff[h]?, {h, 0, .4}, PlotRange - {0, 1.5}]

0.1 0.2 0.3 0.4
Out[44]= - Graphics -
Now lets go to the case where E < V, i.e tunneling. This should give the same sorts of pictures as above
In[45]:= z[v_,e_,a ]:=(1. +.25xv=«v/e/(v—e)*Sinh[2xSqrt[v —e] «*5xa] * Sinh[2 « Sqrt[v —e] 5 ap~t

In[46]:

Plot[z[1., e, 1.], {e, O, 5}, PlotRange — {0, 1}]
1

1 2 3 4 5

Out[46]= - Graphics -

In[47]1:= Plot[z[1., e, .4], {e, 0, 5}, PlotRange —» {0, 1}]

1

0.8

1 2 3 4 5

out[47]= - Graphics -

Plot T vs the width of the barrier. Like foran STM
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In[48]:= Plot[z[1., 0.99, a], {a, 0, 1}, PlotRange - {0, 1}]
1

0.8

0.2 0.4 0.6 0.8 1

out[48]= - Graphics -

Now lets look at the wave function norms for tunneling

e—ZikX (_1 +e4]’1j X) (k2 _j2)
Exp[l xk*y] + *EXp[-1xK=*xy]

In[49]:= phil[y_] : T PRTIRRC ST

phi2[y_] := - 2t 070k +k) *EXp[l*J*y] + 2t CI0 Xk (k- 1) *EXp[-1%jJ*y]
T et (j-k)2- (k)2 e iix (J-K)?- (J+k)?
4e2i(j—k)xjk
phi3[y_] := *EXp[l *Kxy]

etiix (j-k)?- (J+k)?

@—Zékx (-1 +e4éj><) (kz _ JZ)

In[53]:= b:=
et iix(j-ky = (j+k)?
4(325(j—k)><jk
f '=_e4ijx(j—k)2—(j+k)2
. 200Xk (j+ k)
c'__@4t'jX(j—k)2—(j+k)2
Joo 2 G0 K (k- j)

eHix (j =k = (j+k)?
In[57]1:= kphilly_, h_, v_, m_, x_] = FullSimplify[phil[y] /. {k —> Sqrt[2+m«h], j —> Sqrt[2+m* (h —V)]}]

efjm/f\/hm 2x+Y) mv

Out[57]= eiVZ Vhmy _
utls7l= e m(-2h+v) -2i+hm+/m (h-v) Cot[2+/2 /m (h-v) X]

In[58]:= Kkphi2ly_, h_, v_, m_, x_] = FullSimplify[phi2[y] /. {k —> Sqrt[2+m«h], j —> Sqrt[2+m*(h —V)]}]
out[58]= (2 e—]‘l\/_Z‘ ((\/h_rﬁfm) x-/m (A=) y)

(_(_1+@21ﬁm<xfy>> hm+ <1+62w§m<x—y>> mm)>/
(—2(—1+e4jﬁ m (h-v) X)hm+2(1+e4jﬁ m (h-v) X)mm+ (—l+e“ﬁmx)mv)
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In[59]:= kphi3[y_, h_, v_, m_, x_1 = FullSimplify[phi3[y] /. {k —> Sqrt[2+m«h], j —> Sqrt[2+m* (h —V)]}]

out[59]= - 2e 12 n @) hm Vm (h-v)
2+/hm +/m (h-v) Cos[2+/2 V/m (h-v) x] -im (2h-v) Sin[2+/2 v/m (h-v) X]

In[60]:= Re[kphil[3, 1, 2, 5, 1]]

out[60]= Cos[3+/10 | - Sin[5+/10 | Tanh[2+/10 ]

In[61]:= pl=Plot[Norm[kphilly, 1, 1.1, 5, .5]11, {y, —2, 2}, PlotRange - {-1.5, 2.5}]
2.5¢

of

1.5}

1t

O\ 5/t

-0.5¢}

-1.5¢L

Out[61]= - Graphics -

In[62]:= p2=Plot[Norm[kphi2[y, 1, 1.1, 5, .5]11, {y, —2, 2}, PlotRange - {—1.5, 1.5}]

N

out[62]= - Graphics -



gm21work.nb

In[63]:= p3=Plot[Norm[kphi3[y, 1, 1.1, 5, .5]11, {y, -2, 2}, PlotRange - {-1.5, 1.5}]
1.5,

out[63]= - Graphics -

In[64]:= Show[pl, p2, p3]

Out[64]= - Graphics -



