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Properties of low frequency compressional electromagnetic wave pulse in a magnetized semiconductor hole-
electron plasma, are investigated. The quantum mechanical effects such as Fermi pressure, quantum tunneling
and exchange-correlation potential of inertialess electrons, inertial holes and stationary charged ion particulates are
considered in the presence of the magnetic field. A new type of dispersion relation is derived for low-frequency
compressional waves by employing quantum magneto-hydrodynamic model and Maxwell equations; the dispersion
relation is then analyzed for parallel, perpendicular and oblique propagation of compressional electromagnetic wave
pulse to the external magnetic field direction. We have analyzed the obtained dispersion relations numerically,
for different semiconductor plasma such as GaAs, GaSb and, GaN, the graphs shows that the frequency of
compressional electromagnetic wave pulse decreases with increase of electron-hole density concentration, whereas
the frequency increases with the increase of angle of propagation compressional electromagnetic wave pulse. Our
results are applicable to understanding the dynamics of semiconductor plasma to produce high power, high band-
width devices in contrast to the existing gas plasma devices.

Keywords: degenerate semiconductor plasma, quantum mechanical effects, compression electromagnetic wave,

gas plasma device.

DOI: 10.21883/5C.2022.06.53532.9621a

1. Introduction
Quantum plasma is a rapidly growing research area due
to its wide range of potential applications such as semi-
conductor devices [1], quantum computers quantum dots,
quantum wires, [2] quantum wells, carbon nano-tubes and
diodes [3], ultra-cold [4], metallic and semiconductor nano-
structures such as metallic nanoparticles, metal clusters, thin
metal films, spintronics [5], electron-hole plasmas [6] and
laser-produced plasma experiments, [7] etc. In a system,
a gas with all the filled lowest energy quantum states is
known as degenerate and the corresponding pressure is
called Fermi pressure [8,9], which is a function density
concentration of fermions. Such degenerate quantum
plasma [10-13] may significantly alter the dispersive proper-
ties of linear/nonlinear waves and associated instabilities by
taking into account new quantum forces and pressure laws.
One of the important examples of quantum plasma is
semiconductor plasma [14-16]. The electron-hole plasma
is generated as a result of the interaction between laser
pulses and matter. If a semiconductor is excited by a short
laser pulse, electrons absorb the photon energy and transit
from the valence band to the conduction band, via single or
multi photon absorption, depending on the photon energy
and band gap energy. This inter band transition of the
electrons creates holes in the valence band and this state
may satisfy the semiconductor plasma conditions. It has also
been observed that in recent semiconductor structures [13],
the characteristic scale lengths of impurity variations are
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comparable to the characteristic electron hole de-Broglie
thermal wavelengths. Thus for semiconductor quantum
devices [13] working at nano scales, it is quite important to
understand and investigate the quantum mechanical effects
on the dynamics of the electronhole charge carriers [17]. In
this scenario, the dispersive effects of semiconductor plasma
are generally due to charge separation between electrons
and holes, hence the quantum mechanical effects such
as hole-electron Fermi pressure [18], the Bohm tunneling
effect of electrons and holes [19] and exchange-correlation
force [20] become quite relevant for such plasma. The latter
arise due to the Pauli exclusion principle and because of
anti-symmetric wave functions [21] associated with different
types of exchange interactions between fermions having
half spin, opposite spin and fermions of same spin. The
exchange potential between degenerate electrons and holes
arises due to the parallel spins (having repulsion due to
coulomb forces), whereas the correlation potential appear
due to correlation between electrons and holes having anti-
parallel spins and they are more likely to occupy their
nearby locations to reduce the mutual Coulomb repulsion.
Therefore, the inclusion of the exchange-correlation (XC)
effects in the quantum hydrodynamic (QHD) model plays
an important role in the dynamics and total energy of the
semiconductor quantum plasma system [22].

Some authors [23,24] have recently investigated the
amplitude modulation of the electrostatic waves in electron-
hole plasma taking into consideration the effects of the
exchange correlation and the Bohm potentials.  The
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growth rate of modulational instability of a compressional
electromagnetic wave in a strongly magnetized electron-
positron pair plasma is studied in [25]. The linear and
nonlinear propagation of the compressional Alfven wave,
having frequency less than the electron-gyro frequency, in
collisional electron-hole semiconductors was issued in [24].
Dispersive properties of low-frequency compressional elec-
tromagnetic waves are investigated in [26] by using quantum
magnetohydrodynamic model and Maxwell equations in
cold quantum dusty magnetoplasmas.

In the present manuscript, we shall follow the model
presented in [26] to investigate the impact of quantum
effects appearing through Fermi pressure, Bohm potential
and and electron-hole exchange correlation potential on
the dispersive properties of compressional electromagnetic
wave pulse (CEMWP) in a magnetized semiconductor
quantum plasma. For our purposes, we shall use the
QHD model along with Maxwell equations, to derive the
dispersion relation for the compressional Alfven waves
in magnetized, degenerate electron-hole semiconductor
plasma. We shall consider the parallel, perpendicular,
and the oblique propagation of CEMWP to investigate
the impact of quantum effects appearing through electron-
hole Fermi pressure, Bohm Potential and electron-hole
exchange correlation potentials on the wave frequencies
and the associated wave phase speeds and shall show
that the quantum effects may enhance the frequency of
CEMWP in semiconductor plasma. The paper is organized
in the following fashion: In Sec. II, we develop a new
dispersion relation for the compressional Alfven waves in
semiconductor quantum magnetoplasmas, by employing the
QHD model and Maxwell equations, three particular cases
are analyzed to investigate the quantum effects. Section III
contains numerical analysis of different semiconductors such
as GaAs, GaSb and GaN and discussion on the obtained
results is elaborated. A brief summary of the findings is
presented in Sec. VIIL.

2. Governing equation

In our present study, we investigate the linear theory
of the compressional Alfven wave, whose frequency is
lower than the electron-cyclotron frequency, in electron-
hole semiconductors taking into account the degenerate
hole-electron Fermi pressure, exchange-correlation potential
and Bohm potential. Here the interaction between the
electrons and the holes is governed by the electrostatic
(Hartree) potential and exchange correlation. Moreover,
we consider that the Fermi-temperature of electrons or
holes is much larger than that of ions, so the quantum
recoil force associated with the Bohm potential due to
the electrons/holes tunneling through a potential barrier
is effective. In our study, we treat electrons and holes
as mobile quantum species and according to band theory,
we consider ions as immobile species at low temperature.
We suppose the compressional Alfven wave is propagating

along X — z axis, k = (0, ky, k;), and the external magnetic
field is applied along z—axis, By = (0, 0, By). The quasi-
neutrality condition at equilibrium is Neg = Npo + Njp Where
Nsp is the equilibrium number density of species S here the
subscripts €, h, i denote electron, hole and ion respectively.
The microscopic state of quantum ion plasma is governed by
the following linearized set of quantum hydrodynamic and
Maxwell equations. The linearized equations of continuity
for electrons and holes are respectively

an
—8:1 + npo(V.Upy) =0, (1)
on

atEI + neo(V.Ugp) = 0. (2)

The linearized equations of motion for inertia-less elec-
trons and inertial holes are respectively

U B K2
0——e [El Ml B 0] VV2ne
4m>gneo
— vxceV Net 2 KgTreV Ne1 (3)
Neo 3 Neo
0Un; Uni x By K2 5
' — — —¢el|E \YAYAly'
m, ot [ 1+ ] Ao h1
SR L R S T vl 4)
xenVi - = 3 KeTenV

The first and second terms inside the square bracket on
rhs. of Egs (3) and (4) is the well known electromagnetic
force (or Lorentz force), while the third term represents
quantum corrections due to quantum correlation of density
fluctuations (also called the quantum Madelung effect which
describes the diffraction pattern of plasma species [27]). The
fourth terms on rh.s of Eqs (3) and (4) are the electron
exchange-correlation potential, which plays a signi.cant role
in the dynamical properties of waves in dense quantum
plasmas [28,29], Tgn and Tge are the Fermi temperatures
for holes and electrons respectively defined as

2/3
K22l (3m2)23

T =
Fe,h 2m;,hKB

with Kg as the Boltzmann constant, m; and ny, are the
effective mass of electrons and holes respectively and & is
the Planck constant divided by 2s7. The exchange correlation
(XC) potential for the electrons and holes is represented as

0.985¢? 0.034
Uxcen=—— {1 + (1+ 18.37agn;{h3)} ny;

1/3

Ene,h
where aj, = eh?/mee? is the effective Bohr atomic radius
and € = 4mey is the relative dielectric constant of the

material. Note that the XC potential [13] as function of
electron density in Eqs (3), (4) is simply expressed in terms
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of electron exchange correlation (XC) speed (Vxc) through
the relation
2

UxcCe,h VXCe h
———— Ve h1 = = Vg h1
Neo,hoMe,h ¢ Neo,ho ¢
where
0.985e’ny%,  0.03349¢? x 18.37n.%
Vxceh= ’

3Mene  3mepe (1+18.37agny})

The electron-hole XC speed Vxcen, speed significantly
alters the dynamical properties of waves and instabilities of
degenerate plasma. The last term on rh.s. of Egs (3) and (4)
indicates the Fermi pressure. The linearized Maxwell
equation is

1 0B,
VxE = ot 5
S c ot ®)
and 4
JTe
VxB =— (nhoUm — ne()Uel) (6)

where Ug; and Up; are the hydrodynamic velocities of the
electrons and holes, € is the electronic charge, C is the speed
of light, and E; is the electric field vector. We have also
neglected the displacement current in Eq. (6) because we
are focusing the waves whose phase speed is much smaller
than the speed of light. Calculating Ue; from Eq. (6) and
substituting into Eq. (3), we obtain

1 Nho 1
Ei=——(U By) — B B
1 ( ht X o)neo+4ﬂeneo(v>< 1) X Bo
K2 me Ne1 2
————— VYV — —Vj; V———KTV
+ 4méneoe el — xce 3 B IFe e()
(7)
Using Eq. (7) and the charge-neutrality condition
Mo _ | Mo
Neo ne()’
Eq. (4) can be simplified as
oU By.B Byo.V)B
] G (Un xi)—v( 0 1), ( OV*) 1
ot 45t Ny 4 Neo
n 2 2
— V'V uv, V - V2 V —
+ 4m§ne0m,’§ el — HVxce ne xch
Nel 2 Mhi
— KgTreV — —
3, T e 3y, ho}
Let us rewrite above equation as
oUp .
T = { QR(Uhl XZ)+4ﬂrn:ne0{(va1) XB()}
L e UV e
4m§ne0m|f. ol xee Neo
M 2 Nel
— VeV — — VeV = 8
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Where 7 is the unit vector along z-axis,

is the Rao cutoff frequency,

o — eBy
Ccl — mﬁc
is the hole gyro frequency,
2Kg T, KgTi
3y, M

Now substituting Eq. (7) in Eq. (5) and using identity
x (V) =0, we are left with

0B n
8—'[1 = 0 [_By(V.Un) + (Bo.V)Up] (9)
Neo
One may have from Eq. (8)
oU . BoV.B h?
hi = —QR(Um X Z) _ oYLl sznel
ot 4ﬂl’n;]kne0 4m;neom:;
2 n
vchv ( Vie+ =V, ) vi‘ (10)
3 Neo
Taking Z-component of Eq. (10)
aUhZ hz a 2 2 2 a nel
= i Vng — S
ot 4mgneoimy; 0Z 3852 Neo
0 Ngy 0 Ny
— UV, —=— - Vi —=— 11
xce 82 Neo xch 9Z Nho ( )

According to the chosen geometry Eq. (9) left with as

0B Nho
— = ——Bo(V .1 12
ot Neo 0( L hl) ( )

Now taking the time derivative on both sides of Eq. (10),
we have

92 0
e = {0 (72 2)

_ 2
0 (ZBoViBy Y oving
ot \ 4mming  4mingony:
—V?2 Vs V, — 5. (13
3'[ xch J_nhO at (3 T UVyce VJ- Neo ( )

Eliminating BU*“ from Egs. (13) and (10) and then taking
the d1vergence of the holes fluid velocity Uy , we eventually
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obtain
” + Qi|v,.U _Bo_ (22
a2 FEMT T dmmyng [\ ot
) ah*vn
—|—QRVL.(ZXVL)) X <B1—m;78061):|

2 n
+ QR ngg +uvjce> V.. (VL x2) =%
Neo

. N
+szchVL.(Vl X Z) ﬂ:|
Nho

a2
at[<3V2+qu2ce)V2 :0 PV, V2 ”“(1)]}. (14)

A more simplified form of Eq. (14) is obtained by
using Eq. (12) and taking into account the identity
Vi.(ZxVig)=0

82
(8t2 +QE — vivj)alz( aqV3i BOV2+B v2v2

Net. (15)

Nny
+ szchvi_ Bo + :uvxzcevi 0 BO)
Neo Neo

Here
Nho Bo

@ w/4ﬂm:;ne0

A =
is the Alfven speed, and
a= (M)
T \neo ) Ay
is the Alfven speed, and
0 - (M)
T \neo /) dmpmg

is a quantum parameter. Using quasi-neutrality condition,
Ne1 == Ny let us rewrite Eq. (1) as

8 nel

d
TR Nho(V .Unt) + Nho 7= Uz = 0. (16)

0z

Now multiplying Eq. (16) by (23 atz + Q&) and inserting
Egs (11) and (14) into theresultant equation, we may obtain

WEE 92 92 1
— +Q —V?
<8t2 + ) (at2 tagz

92 Nho 92 92
— (V& + uVyee) 9721 xzchﬁ +agVAV? — prol
3 2 3 2 2 Mho
3t2v><chV 912 (V +‘uv><ce) VJ_@ i

. Nho B()Vi_ 8281
X Ne1 = (ne(). 4.71”}1* 52 . (17)

Substituting the value of perturbed magnetic field By from
Eq. (15) into Eq. (17) and applying Fourier transformation,
we shall obtain the general dispersion equation

(@ - ) (w2 g2k — V2,

0= — (V& + uVize) kﬁz—zz) — agw’k? K?

K2 o

k ch - 2 (Vsz + :uvxzce)

X (@ — Q% — K2 V2) — V2K4 0 agk?

nh0 2 L4 2 Nho
ch VAIUchekJ_(‘) n_

e0

—Vik 0? v2 VKo
(18)
Eq. (18) represents the dispersion relation of the CEMWP in
magnetized, quantum electron-hole semiconductor plasma.
Initially for an electron-hole plasma, we assume Qg — O,
Nho Bo

Va= 2

e = Va’
Neo /4y Neo

and

P ()
T\ Ampmg
to re-write Eq. (18)
o* —Bw?+C =0 (19)

which admits the solution
1
=3 [B +/B2 40} (20)

where

n
B =ak!+ ﬂVszk2
n

e0

n

KAV, + V2 K2 2 4 k2 V2
Neo

and

— K2 V2ak2K? + k2K2 V2 %vﬁ K2 VA2 K
el

4 V2 k2 V2K o
Neo

We shall analyze the dispersion relation shown in Eq. (18)

for three special cases, i.e., for parallel, perpendicular, and

oblique propagation. For this purpose, we shall symbolize

kz(=kcos0) as parallel and k, (= ksinf) perpendicular

wave vectors, then let us rewrite Eq. (18) as

0% — Aw* +Bw?* —-C =0 (21)

where
A=2Q+K*|agk® +

(v§+yvxzce) +V 2 +VZsin® 6],
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B= {QZR [Q% + 2(agk? + Vi) k* cos? 0
+ (agk? + Vi + VA) K2 sin® 9} + kW3 (K*aq + Vigp)
x sin” 6 cos” O + [ZQZR (Ve + 1V K cos® 0
+ Q (V2 + uVike)k?sin® 0 + K*VZ (V2 + uViZ,)
x sin” § cos’ 9] Do }
Neo
and
o {sz’f; [ng (K2ag + VZp) + KWV2 (KCaq + V) sin® 9}
x cos’ 0 + Q& {Q% (V2 + uVieQp)k?
n
+ V2 (V2 + uVie K sin® 9} cos? Gn—ho }
0

Next, we shall investigate dispersion Eq. (21) for some
particular cases.

A. Case | (parallel propagation)
For parallel propagation, Eq. (21) reduces to

(w2 - QzR)z(a’2 - aqk4 - k2V2 I(2\/xch ‘uvxzcekz) =0.
(22)
It is quite important to note here that for ag =0, it was

shown in [26] that the propagation vector in Eq. (22) vani-
shes, and only the cutoff exists but in case of semiconductor
it is quite evident from Eq. (22) that situation is quite
different the four possible solutions of above equation are

o = Qr, —QRg;

w= k\/<aqk2 +V2— + V& + UV "),
Neo

n
—k\/< k2+v2ﬂ+vch+yvx2ce :‘;) (23)

For graphical representation, Eq. (23) is normalized by the

scaled parameters such as K = kite where 17, = % and
pe

y = ﬁ then the normalized expression of Eq. (23) will be

y = \/ PZK® + K2VZ* + KV +uKVZe  (24)
where

2.2 2 2
h wpe 2% V chh VZ* _ che

= -, N V s .
4V?em;mrﬁ ° V2 xen = V2e e sze
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B. Case Il (perpendicular propagation)

For the perpendicular propagation, we may obtain from
Eq. (21) the dispersion relation for the compressional modes
in quantum electron-hole plasma

o —0?+C=0. (25)

The possible solution of above equation

_ % B+ VB2 - 4C] (26)

where n
B = 2Q3 + agk® + KAV + k> 202
Neo
V><2chk2 + ‘uvxzcek2 o
Neo
and
n
C = Qf + aqQ&k* + KAV2Q3 + QK2 h°v2

n
2V><2chk2+Q V><2cek2 hO

Here if Qr = 0 than above equation reduces to

o = ky/ak? + V2 + V2 + V2, +uVi.. (27)

Similarly, we can normalize the angular frequency w of
Alfven waves given in Eq. (27) by using the normalized
parameters mentioned above to obtain

y = JPEKE 4 KOVZ 4 KV IOV, + KV (28)

C. Case lll (oblique propagation)

For oblique propagation, we shall ignore ions, i.e., 2 — 0,
to rewrite Eq. (21) as to obtain

®* —Bw?>+C=0

The possible solution of above equation

- % [B + /B2 4(:} (29)

where
B = agk® + k2 sin® V2 + k2V2 4 V2, K2 + uVZ K2,
and
C = agk® cos® @ sin” OVZ + k* sin” OV2 cos? OV2
+ k* sin® V2 cos® OV, + sin® OVZk? cos? OuV2,

The normalized expression of Eq. (28) will be written as

1
y=5 K2{P2K2 + V2 sin? 0 + V2* + V2 + uVv2s

(P2K2 + V2 sin® 0 + V2* + V2, + yvfge)
—4(P2K2 + V2* + V2i + UV, )V2* sin® 0 cos? 0
(30)
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3. Numerical results and discussion

In this section, we shall numerically study the ef-
fects of variations of electron-hole concentration on
the propagation of CEMWP. The three semiconductors
such as GaAs, GaSb and GaN are chosen for our
investigation, having typical parameters for GaAs [13]
Mo =4.7-10"%cm=3 (ny = Ny =~ Ney), M = 0.067Me g (Me
is the mass of electron), M} = 0.5Meg, and € = 12.8, for
GaSb np = 1.6 - 107 em ™3, M = 0.047me g, M}, = 0.4Me g
and e€=11.3, and for GaN the parameters are
np =107 —102cm=3, m{ =0.13meg, € = 1.3meg and
€ =11.3. By using this semiconductors data, we shall
plot numerically Eqs (24), (28) and (30) in Figs (1-3)
respectively to study the dispersion properties of the
compressional modes in semiconductor quantum magne-
toplasmas.  For parametric analysis, initially to show
the impact of quantum effects on the frequency of
CEMWP, we take typical parameters for GaAs and nor-
malized propagation vector K(=kite) =2 in Eq. (24);
to find electron plasma frequency wpe = 1.22- 102571,
Fermi speed Vie =1.11- 107 cm/s, the exchange corre-
lation potential for the electrons Vyxce =6.1- 106 cm/s
and for holes Vxcp=2.5-10° cmy/s, quantum parameter

q(= o 4n%2m;) = 9.94(erg-s) ’0=2 and the associated fre-
quency of the CEMWP o = 1.31wp. However, by
increasing Vice = 6.8 - 106 cm/s (via Ney = 9- 10 cm—3)
and keeping all the other parameters fixed, we come up
with higher value of frequency of CEMWP w = 1.57wpe.
Hence, the parametric analysis clearly shows that quantum
effects enhance the frequency of CEMWP in semiconductor
plasma.

Next, to see how electron-hole density alters the
frequency of CEMWP, we take GaAs semiconduc-
tor and at ny =4.7-10%cm™!, the frequency of the
CEMWP w = 1.31wpe. However, for GaN with density
Ny = 1.6 - 107 cm ™3, we trace that the corresponding fre-
quency of the CEMWP gets reduced in magnitude to
® = 0.925wpe. This parametric analysis elaborates that as
we increase the electron-hole density, the corresponding
frequency of CEMWP decreases.

Fig. 1 is plotted for the normalized frequency p, of
Alfven waves as a function of the parallel component of
normalized propagation vector K shown in Eq. (24) for the
semiconductors under consideration. Plot clearly depicts
that the presence of Fermi pressure, Bohm Potential and
exchange-correlation force in the momentum equations for
electrons and holes modifies the frequency spectrum of
CEMWP in the sense that at low values of electron-hole
density, the frequency of CEMWP is large and vice versa.
It is also clear from the graph that the frequency of all
three semiconductors are almost same in case of small
propagation vector, however these frequencies are quite
apart at short wavelength scales. Figure 2 shows the
variation of the normalized angular frequency, y and the
normalized Alfven speed, for the perpendicular propagation

L.5 ‘ —-—— GaAs ,’/
------ GaSb It
[ —— GaN R
§?.:1.0 r //,’
3 I ol
05 :_ ,/’/_/-.-""
O L |/|" |‘ L 1 L L L L 1 L L L L 1 L L L L 1
0 0.5 1.0 1.5 2.0
khse

Figure 1. The normalized growth rate (y = w/wpe) shown in
Eq. (24) is plotted against the parallel component of normalized
propagation vector (K = kite) for different semiconductors [GaAs
(dashed curve), GaSb (dotted curve), GaN (solid curve)].

ValVe

Figure 2. The normalized growth rate (y = w/wpe) presented in
Eq. (28) is plotted against the normalized Alfven speed (Vo/Vie)
for different semiconductors [GaSb (dotted curve), GaAs (dashed
curve), GaN (solid curve)].

0.5752 |

0.5750 |

e

Q_ :
£ 0.5748
8 I

0.5746 |

0.04 0.06 0.08 0.10
Va/er

Figure 3. The normalized growth rate (y = w/wpe) [as described
by Eq. (30)] is plotted against the normalized Alfvén speed
(Vo = Vie) for different angles of propagation [0 = a/5 (dashed
curve), 0 = a/4 (dotted curve), O = /3 (solid curve)] by keeping
the perpendicular component of the propagation vector fixed a
k., =10°cm™".
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of CEMWP as shown in Eq. (28), plot shows that the
frequency of CEMWP is low for the GaN having high
density, whereas for GaAS (with lowest electron-hole
density concentration) it is large enough. Fig. 3 displays
the plot between the normalized growth rate (y = @/wpe)
and the normalized Alfven speed (V,/Vie) for oblique
angles of propagation [0 = /5, 6 =m/4, 0 =m/3|, for
fixed values of number densities with K = 10®cm™~! for
GaAs. We observed that the frequency of the compressional
Alfven waves increase as we go on increasing the angle
of propagation vector of CEMWP. In other words, the
frequency of the compressional Alfven waves is altered for
different angles of propagations.

4. Conclusion

We have studied the linear propagation of CEMW
in quantum semiconductor electronhole plasma with the
inclusion of degenerate Fermi pressure, Bohm potential, and
exchange correlation potential effects of both electrons and
holes. We have followed quantum magnetohydrodynamics
and Maxwell’s equations to develop the dispersion relation
for low frequency compressional Alfven waves in semi-
conductor electron-hole quantum plasma. Our theoretical
results are then applied numerically to three kinds of semi-
conductor plasma: namely, GaAs, GaSb, GaN. The quantum
effects are found to be quite important to significantly
enhance the phase speed of CEMWP in a semiconductor
plasma. The impact of electron hole density variations on
linear propagation of CEMWP structures is investigated.
The results are useful for understanding the energy transport
mechanism in semiconductor electron-hole plasma in the
parallel, perpendicular and oblique propagation of CEMWP
to the applied magnetic field. Present investigation may also
be useful for the understanding of semiconductor plasma in
order to produce high power, high band-width devices [30].
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