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ABSTRACT

The vanadium dioxide VO, is a material described as being intelligent because it can transit [1,2] from a reversible way of
the semiconductor state to the metal state at a temperature 68, = 68°C. When we are at a temperature 6, < 68°C, this
material is in the semiconductor state with a gap [3,4] approximately 0.7 ev. When 6, > 68°C, the vanadium dioxide
becomes metal [14], there is an abrupt change of its structure and its optical properties [14,15] and electronic. We are
interested in this study in the VO, semiconductor state [15] and, especially, in widening its gap by the application of a
magnetic field B = BZ. By taking into account the spin of the electron of the band of conduction after having neglected the
term of Coulomb interaction, we solved the Schrédinger’'s equation in an exact way. Obtaining the levels of Landau [5,6,7]

A ) B .
enables us to conclude the variation of the gap of AE; = %hwc, where w, is the frequency cyclotron w. = er with e: the

electron charge; p: the reduced mass of the quasi particle (electron-hole); h: the Planck's constant reduced, and B is the
intensity of the applied magnetic field. We will simulate by Maple this variation according to B for fixed y on the one hand,
and AE, according to p for fixed B on the other hand.
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Simulated curves of the variation AE, of the vanadium dioxide according to the magnetic field B for the fixed
reduced mass p on the one hand, and on the other hand according to u for fixed B.
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SUBJECT CLASSIFICATION

Materials Physics.

TYPE (METHOD/APPROACH)

Calculation by exactly solving the Schrédinger’s equation , based on simulation and modeling.
INTRODUCTION

The semiconductor gap depends on several physical parameters. We quote, for example, the temperature, the pressure,
the containment effect of the exciton or the size quantum effect and the magnetic field effect. We will apply a magnetic
field B according to the direction (OZ) in the massive vanadium dioxide whose energy of gap is about 0.7 ev. After the
exact resolution of the Schrédinger’'s equation of an electron in the band of conduction, we obtain the levels of Landau’s
energy [5,8,9] by taking into account the spin [10,11] of the electron after having neglected the term of the Coulomb’s
interaction. This technique involves a growth of the gap of VO, which is considered as a weak gap [12].

Methods
We solve the Schrédinger’s equation [10,11] in an exact method: Hy = Ey
H : The Hamiltonian of the system ( the electron of the conduction band).

Y : The wave function of the electron.

1 P em, \2R1 = B
szm* (—th+EA0) +Eg0uBBO'G

ug : the magneton of Bohr. pg = % Where m* : the electron effective mass.
go : the factor of Lande
e :the elementary charge

h= % : h: Planck's constant

M: the electron magnetic moment linked to its spin existence , M= —y§.
S: the spin operator.

y: the gyromagnetic report.
c

. the vector whose components are the Pauli matrices oy, 0y, 0.
cFX
— ¢ G d . 2 4 - v h_)
0= y ) Y= UB ) S=-o0
5 h 2
Z

[GX,Gy] = 2io, ; [cy, GZ] =2ioy ; [0,04] = 2ioy

{l+),]-)} : the base space of the spin states

11 1 1
[ =led =53 1 =le)=|5-3

h h/l O h h L0
S,=30.=5(p _y) 5 SID =30 5 s =—310 e=(; )
1 Coulomb’s Gauge

The following gauge is chosen : divA, = 0 (Coulomb'’s gauge). We have VAA, =B, ; By = ByZ
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0 0A, B dAoy
ax F) 0z
I o, O
A0:A0y ; VAAy=|=—A AOy: 0x _ 0z
Ay, dy Ay, 0z ox
i dAoy 3 0Ax
0z 15):4 dy
GivAy =¥ ARy =0 = Boe Qhoy Ofo oy te =0
1V. = = = = = cSte =
0 0 ox dy 0z 0z oy
0Apyy —
Ao, doesnotdependon x ; — 3y =By = Aopx = —Byy
- Apx =By -
Where: Ag=| Agy =0 = Ay = —BgyX
AOZ =0

The gauge enables us to choose KO = —By,X since KO is not unique:
_A"O = KO + Vg(r) where g(r) is a scalar function, V A KO =V A KO carV (V g(r)) =
2 Eigenvalues and eigenvectors of the Hamiltonian H.

In the representation |r) , we have p — —ihV, where :
2

. (*+eK) + By o
_Zm*p A goMpbo - O

\ 1 N e .2 1 L, B
H=H; +H; ou H1=2m*(p+—Ao) ; Hy =>gougBo -0

C 2
We have
2 1
2 R €. -
Hl 2+py+pz)+ OX)
H 2 4 poepae ez 2 eBO
1 py Pz m* CZ y m*c YPx
1 2eB0 eBy \?
Hy =5 Pk — ypx + (— y) ] s +p7 )
1 eBO 2
H _ 2 2
1= 2m(px Cy)+ +p; )
1 eBo \V L], 1 ,
Hy=5— (px - y) tpy|t5 =P 5 Hi=Hi +Hy
1 eBy \* 1,
Hu:m (px_T Y) +py| 5 Hy = o P €Y)
We consider ¢ (x,y,z) solution of the equation H;@ = E; @ :
@(x,y,z) = el Hrazlf(y) (2)

1 ( eBO )2
2m pX y

In the representation |r) , we have :

2 + p% )} ei(kxx +kZZ)f(y) — Elei(kxx +kZZ)f(y)
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We calculate:

2m* 1 5 B 2m* c 0x
. e 0 e 0 .
= —ih— - — )(hk __J ) l(kxx+kzz)f
Zm*( Moz~ ¢ ; X c V)¢ 2
1 eBO i
— _ v (kyx +k;,z)
2m* (hkx c y) € fy)
1 . 1 . 0%£(y) 1 .
2 Lilkgx +k,z) — 2 Lilkgx +k,2z) - _ 2 Lilkgx +kyz) "
2m* ™y © i) Zm*lz1 € dy? Zm*h € £
1 . 1 .
2 Ailkyx +k,z) — 21,2 Ailkgx +k,z)
— ple fly) = 52k e f(y) 3
Where :
2
! hk —ﬁ f(y) —h2 " h2k? fi = Efl 4
T xT o Y () (y) + ks f(y) 1f(y) 4)
! hzf"()+(hk eBo )2f() _ (g, K\,
o y x=— ¥ {@={E—5— 42)
— LIEnD) 1) + 6 -0 (22 1) = (o2 - ) ) 5
e lay y)+ & —yo 2 y)i=\E -5 i@ 5)
We pose:
_ heky \ _eBy g E h?k?
Yo = eBy ' wo_m*c > b 2m*
= 2 4 ( )Z(QB")2 f(y) = £'f
s 1Py T vo 3 (y) =ef(y)
p; ,
= {Zm* +§m*w%(y—yO)2}f(y)=8f(y) (6)

A’k2

2m*

Thus, f(y) respects the harmonic oscillator’s equation [10,11] of the energy € = E; —

We know that € is quantified: € = hw, (n e %) where n = 0;1;2;3; ... ,
Where :

h?k?
Ei=¢ +——0
1= ¢ 2m*

E; is eigenenergy of the Hamiltonien H.

1\ h%k?2
)+ @

; E1=h0)0<n+—

2 2m*

We search for the eigenvalues and the eigenvectors associated with H,

1 - .1
H2=§gouBBo'0=§goHBBo'Uz

1 0

We know that o, = (0 _1

) in the base {|+), |—)} space E the spin’s states of the electron.

1 1
Hy|+) = EgOUBBO o, |+) = EgOIJ-BBOl‘l') = Epi|+)

eigenvector
= B2+ =5 8oMgBy — |+)
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1 1
Hy|-) = EgoHBBo c0,l—) = —EgouBBo|—) =E;_[-)

eigenvect or
= E- = =5 8oHgBo — =)

Where the total energy of the system is:

1\ h%kZ 1

E+ = E1+E2+ = h(.\)o (n + E) + m + EgO“‘BBO (8)
1\ h%kZ2 1

E_= E1+E2_ = h(.\)o (n + E) + m - EgO“‘BBO (9)

These are the energy levels of Landau by taking into consideration the spin of the electron in a magnetic field §0 = ByZ.
3 The eigenstate of Hy
The eigenfunction is: @(x,y,z) = e!®xx+ke2)f(y)

a?
£ = hw, (n + %) is the eigenenergy with the eigenfunction f(y) = f(y) = Cne_Tyan (ya)

!

. m”wg ] . , g 1 . .
with a? = B H, is the Hermit polynomial; C, = (E) (2™ - n!)7Z is the standardization constant
1
m'we\8 _1 _miwg,
=) = () @m0z 2 H, (y)
D2 %
Hy(yo) = (=D"e*Y" ———exp(—a’y?)
(d(ay))
1
m*wg\8 1 _m'w
= 90uy7) = (t) @ n) T etk I, (ya) (10)
T

¢(x,y,z) is the eigenfunction associated with H;
S, has the eigenvector |+) et |-) as it is the case with o,.

We associate the energy E, to the eigenstate @(x,y,z)®|+) = @(x,y,2)[+) noted [{)
1

m”wo\8 ! _m’wg
W) = () @ n 2 efthx +han) R Y H, (o0 +) (1D

We associate the energy E_ to the eigenstate @(x,y,2)®|—) = @(x,y,2z)|—) noted |{_)
1

00 = (Sr2)” (20 n) 2 el ken) 2 (ya)|-) (12)
Thus, |Y,)and |{_) are the eigenvectors of the Hamiltonian H of the respective eigenenergies E, and E_ , such as:
E, = E{+E;, = hw (n+1> +h2k§ +lgOuBBO (13)
2 2m* 2
E_ =E{+E;_ = how, (n + 1) + bk - lgouBBO (14)
2 2m* 2
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k=0 n, =2

By =0

Figure 1: Landau’s Levels associated with the conduction band and the valence
band of a direct gap semiconductor.

We note that in the presence of a magnetic field By, the gap energy [12] undergoes an increase in this variation :

AE 1(1+1)emg° it (C.G.S 15
=—=—+— unit (C. G.

B 28m. m,/ ( ) (15)
1 1 1

— + — 2 where [ is the reduced mass of the particle (electron — hole)

We see that AE, is proportional to % and to By ; and we write :

eh 1
AEg = —- z—uBO (16)
Results
By using the following data in the system (S.I):
4my < p < 14m,
We vary the reduced mass [13] by fixing the magnetic field B = By in intensity as follows:
for B=10T ; B=45T ; B=2000T

We obtain the following results:

3327 |Page January 21, 2016



ISSN 2347-3487

B=10T (a)

0.7001%
0.70016
0.70014
E(ev) 070012
0.70010
0.7000%

0700046

3. %1030 T.x10% 1 w10 ®
Hikg)
« E=AF +F
g 5

B=45T (b)

0700z
0.7007
0. 7006
B 0.70035
07004

07003

0.7002

3.%x10°30 71073 1 =107
rikg)

« E= &EH:—EH

3328 |Page January 21, 2016



ISSN 2347-3487

B = 2000 T ()

0.735

0.730

0.725
E(ev)
0.720
0715
0.710
3 %1030 7.x10° 30 1 =10
Hikg)

e E=AF + E
K K

Figure 2: (a), (b) and (c) variation of the VO, gap according to the
reduced mass p for a magnetic field B=10T,B=45T, B =2000 T.

By using the following data in the system (S.I):
0T<B<2000T
my =9.1-1073%;h = 1.05457 - 1073%;e = 1.6 - 10717;
We vary the magnetic field B in intensity by fixing the reduced mass as follows:
for pn=4-my, . pn=14-m,

We make the simulation of the variation AE, gap of the massive vanadium dioxide, our results are as follows:
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Figure 3: (d) and (h) variation of the massive VO, gap according to the
magnetic field B for the reduced mass g = 4m, and g = 14m
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Discussion :

For B = 0T, the energy of the vanadium dioxide gap is E; = 0.7 ev. During the application of the magnetic field of intensity

B = 10T, we clearly notice a variation AE, from 0.00018 ev to 0.00006 ev in the interval 4m, < pu < 14m,, which

corresponds obviously to a decrease in AEg, but the gap widens and becomes E = AE, + E,. The absorption threshold is :

Ay = A (nm) hc(ev - nm)

=A(m) = ——
1 Eq(ev)

For the vanadium dioxide VO, semiconductor:

1242,4125(ev - nm)

M =2A(nm) = E, (ev)
8

=1774,875 nm

This threshold is located in the average infra-red.

When A <} , the absorption becomes fast since the broad absorption coefficient a is very big. But when the gap is
widened of AE, , we have a new absorption threshold:
1242,4125(ev - nm)

Ao = Ac(nm) = E + AE
g g

When the threshold of absorption becomes: A < A, , we have a widening in the spectral band of the VO, absorption.

For B = 45T , the gap variation becomes : 0.0008 < AE,(ev) < 0.0002 in the interval of the reduced mass 4m, < u < 14m,.
We note an important increase in the gap even if AE;(ev) according to u decreases when p increases.
The absorption threshold becomes:

~ 1242,4125(ev - nm)
y Eg + AE,

The absorption of the incidental photons is fast for A < A3.

For B = 2000T, the variation of the gap becomes: 0.035 < AE;(ev) < 0.010 in the interval of the reduced mass [13],
4my < p < 14m,. We see that AE,(ev) decreases when p increases, but the gap variation E = E; + AE, becomes
important. The absorption threshold is in this case:
_1242,4125(ev - nm)
i Eg + AEg

The absorption of the incidental photons is fast for A <244 ; A = Apoton -

Tables. Calculation of the absorption threshold and VO, gap during
the application of the magnetic field B for u = 4mgy and pu = 14m,,.

A (nm) | = 4myg B(T) %%g‘gfﬁgﬁf E(ev) = E, + AE,
T 1774,8750 0 r——g 0,7
P 1774,4187 10 Xon <A 0,70015
" 1772,8488 45 Mon <A 0,7006
W 1690,3571 | 2000 Mon < 0,732
A (m) | w=14m, | B(T) i%g%‘:g;lr;gf E(ev) = E, + AE,
N 1774,8750 0 Ao < 4 0.7
" 1774,7228 10 don < 0,70004
A3 1774,3680 45 Aph <23 0,70015
" 17498767 | 2000 Yon < s 0,7083
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Conclusion

According to this study, we retain a good result by obtaining a broad absorption threshold for p = 4m, while comparing it
with p = 14m,. Indeed, we need a very intense field for p = 14m, so as to widen this gap.

As a result, we have the increase in the absorption coefficient a in the average I.R. This can be of a good practical utility in
the industry, particularly the scanners, the microwaves, telecommunication means, and the photovoltaics.

Perspectives: to perform the same study for the thin layers of VO, where the potential of containment V¢ is added in the
Hamiltonian, in order to solve the Schrddinger’s equation and to study the variation of the absorption coefficient a of these
layers [16] in the |.R, the U.V and the visible specters.
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