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Hall effect: the role of nonequilibrium charge carriers
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A new model of the Hall effect in the case of a bipolar semiconductor is present. Taking into account the nonequilibrium carriers, thermal
generation and recombination processes assisted by traps (Shockley-Read model), the expressions for the electrochemical potential of elec-
trons and holes, Hall field and Hall consta® are obtained. The dependence of these expressions of the distribution of the carriers along

the direction of the Hall field in the case of intrinsic and extrinsic semiconductors is studied.
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Presentamos un nuevo modelo del efecto Hall en el caso de semiconductores bipolares. Se toma en cuenta portadores fuera de equilibrio,
procesos de generéci y recombinadin asistidos por trampas (modelo de Shockley-Read). Se obtienen érpsepara los potenciales
electroqimicos de electrones y huecos, campo de Hall y constante def#all Estudiamos la dependencia deassexpregines de la

distribucbn de portadores a lo largo de la dirgotidel campo Hall, en el caso de semiconductoregisgcos y extnsecos.

Descriptores: Ferbmenos galvanomagneticos; semiconductores bipolares; recondiinefgcto Hall.

PACS: 72.15.Gd; 72.20.My; 72.20.-i

1. Introduction a transverse temperature gradi&if. This phenomenon is
known as the Ettingshausen effect [5]. In this case we will
The Hall effect has been used for a |Ong time in the researchave a thermoelectric field. The total electric field in this di-
of mechanisms of conduction. With the help of the Hall co-rection will include the electrical and temperature effects [6].
efficient Ry, the type of carrier present in the semiconductorVery similar phenomena is discussed in review [7].
sample can be determined. The Hall voltage of a plate may The simplicity of the Hall effect has led us to make some
be regarded as a signal carrying information. If the materiabpproximation of the problem. It generates some subtle pit-
properties and the device geometry are known, the Hall voltfalls, which are present in every technique, but are not always
age can give information about the magnetic figld1]. In studied or take into account. A simplification often made is
this case the Hall device is applied as a magnetic sensor [2]to consider that effects due to finite breadth of the specimen

For the Hall effect, a conductor material is Subjected tocan be neglected. These Imply that the concentration of free
an electricE = E, and magnetid! = H, fields. An elec- charge carriers does not vary throughout the direction of the
tron that travel with velocityi experiment a force given by Hall field, n —ng = p —po = 0 [5], the sample contains no
e(7 x H)/c, the Lorentz force. This force produce a de- free space charges [8]. As we will see this consideration is
flection of the electron in the direction perpendicular to the€ntirely correct, only when we have a very large recombina-
Ve|ocity U and the magnetic f|e|d_j If the semiconductor tiOI’l. On the Othel’ hal’ld, the deViation Of the equilibl’ium Of
sample has the shape of a parallelepiped, some electrons cé}¢ charge carriers (electrons and holes), give race to a con-
be deflected by the field to accumulate on the bottom or centration gradient along theaxis. This gradient generates
on the top face of the material. This space deviation of thet diffusion electric field. At this pOint other Simplification is
charges generates the appearance of an electricHiethe ~ takenin —ng = p — p, i.e,, the deviation of: andp is con-
process continues until the electric field balances the Lorentgidered of the same order thereby ensures the space charge
force [3]. This process originates a voltage that can be medteutrality [9,10]. But, in general case it is wrong (see [11]).
sured through the surfaces of the sample. With the help of These problems are present in others studies, for exam-
the voltage, the coefficient of Hall in the case of electronsple when a flows of a constant electric current through an
(R = —1/ne) can be obtained [4]. anisotropic semiconductor, the carrier concentration deviates

The magnetic field acts differently on each of the carri-from the equilibrium value, producing regions of enrichment
ers in the bipolar material, because each carrier has differe@nd depletion. In this case [12] considers only intrinsic semi-
energies. This implies that each of the electrons and holegonductorj.e. n = p.
will have different mobilities. Hence, carriers with energies ~ When the system is in equilibrium we have the chemi-
higher than the average (hot electrons) will accumulate in theal potentialg:,, andy, for electrons and holes respectively,
region of one of the crystal surfaces, and carriers with enemwhich are related by the equatign + 1, = —¢,. When the
gies less than the average (cold electrons) will accumulate igystem is far from equilibrium, the above relationship is no
the opposite surface. As a result, this redistribution generatdenger satisfied,e., y, + pp, # —e5. Two quasi Fermi levels
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are generated, depending on the distribution of carriers alonig the z direction, ¢ is the velocity of light in vacuum. We

thez axis in the sample. In some references [2,4,7-9,11,13ork in the range of low electric field, in which the heating

it was neglected this dependence. When the system is iof electrons and holes is very sméll, ~ T, ~ T) [16].

a nonequilibrium state, the authors [2, 4, 7-9, 11, 13] conThis is achieved by assuming that the material is exposed

sider that the chemical potentials for electrons and holes arat room temperature, and quickly dissipate the energy of the

equal [10,12], and that — ng = p — po. electrons and holes on the surface of the sample, so that the
In semiconductors, in general one can see that p  electrons and holes thermalize to the lattice temperature. In

which obliges us to work with two quasi-Fermilevelsand  the presence of the unique relaxation mechanism of the elec-

tp, Which are different. In this form we can give to a new tronic (hole) momentum, the frequency can be written as

quasineutrality condition, that it takes into account the disvz(e) = vgo(T)(e/T)~% [17, 18], wheregs are the char-

tribution of carriers in the semiconductor samples, and thecteristic of relaxation mechanism.

processes of volumetric and superficial recombination in the We will consider that the magnetic field is weak

case of finite samples. With help of the nonequilibrium dis-wy /v < 1, hence Eq. (3) can be written as:

tribution of carriers, we determined the Hall coefficient, Hall )

field and we analyse the effects of the electrical potential as 5 _ 4@%{5 Tk

well as the origin of this. We are not consider the connec- ik ™ 3\/Em; V,éo(T)

tion of the contacts to measure the Hall potential, but it is

very important for making the measurements. This arises bewhereI'(igs + k + 5/2) is the gamma function.

cause usually the boundary conditions are formulated in the Let us write the distributions of chemical potentials, elec-

case of open circuits and free charge surfaces. Really it ison and hole concentrations in the following form,

necessary to work with appropriate boundary conditions that

I'(igs + k+5/2), 4)

describe the current flow in the circuit, i.e, when the circuit is 1(2) = ppo(T) + 6ps(2),
closed [14,15]. B(2) = Bo(T) +58(2),
2. Model description wheredus(z) denotes the nonequilibrium chemical poten-

tials for electrons and holeg,3(z) are electron and hole
Consider a bipolar semiconductor of parallelepiped formnonequilibrium concentrations, are the equilibrium elec-
length 2a along thex axis and2b is the transverse length tron and hole chemical potentialg, are the equilibrium
along thez axis. Additionally, we assume that the semicon-€lectron and hole concentrations. The equilibrium chemical
ductor is not degenerate and the carrier energy is given bpotentials are related by the known expression [19],
€= p2/2m;’p, wherep is the quasimomentum of patrticles,
mj = my, my are the electron and hole effective massas, Hno = —Hpo — Eg-
the carrier energy. The relations which govern the behaviour L )
of electrons and holes in the presence of a longitudinal elec- E/€ctron and hole concentration in bipolar semiconductor
tric and transverse magnetic fields can be formulated as foR"€ rePresented by the following expression [20],
lows. The semiconductor is subjected to an external electric _ /T
field £ and a magnetic fieldd, in the x andy directions B(z) = Np(T)et> DT ©)
respectively which do not vary over time. Then the hole and 4

: i 1
electron currents are given by [6]: N4(T) = 7 (mgT/2W3h2)3/2

Jox = e%IfOEX - e%IZﬁOEZ * eﬂjgoaz’uﬂ(z)’ @) are the electron and hole density of states. Expanding the
jon = €315 Ex + AT E, — esliy0.p5(2), (2)  equation we get
wheres =n, p B(z) = Na(T)eroo T/ T dra(2)/T
I = 4ﬂwj;ﬁlr /oo S de.  (3) ~ o [1 + W] .
3V/mmz65/2 J /i(e) (1 R (wm, >2>
vp(e) It follows that
Here,es = e, —e are the charge for electrons and holes, 6B(z) = %5%(2) (6)

WHE = eH/mz;c are the cyclotron frequencys = 1y, 75

are the electron and hole temperature, Then, the hole and electron currents would be expressed as,

(see Egs. (1)-(2)):
E: Ew707Ez = Egao>_v 9
( ) ( SD) ]ﬂx = O-EXEX :F O—EZHEZ + DEZH8255(2)7 (7)
wherey is the electric potentialz? is the fixed external elec- ) 4 8 s
tric field and E. is the electric field (the Hall field) variable Jon = 0 HEx + 0, B, F D,,0:06(2), (8)
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with where E = E° + §E, p = py + dp. In the case of a
162 semiconductor that contains a concentratignof impurity,
o8 = eiﬁp@ 2 generation and recombination processes are assisted by traps
XX 3 * / + qﬂ)’ . .
\/7”%’/[)’0 (Shockley-Read model). The recombination ratBs and
4633 R, can be calculated by (we are assuming that electron, hole
ol = I'(5/2 4+ 2g3), and phonon have the same temperature) [23],

x S\fcm[3 iz
Ry = an(T)n(Ny — ng) — an(T)nq Ny, (16)

42T
DS = 5/2+2
3\fcmﬁ V5o LG/ 9s), R, = ap(T)pngy — ap(T)p1(Ny — ny). a7
4eT
DP — e T(5/2 + q5), Here, a,(T') and o, (T") are the electron and hole capture

o 3v/mTmivso
e

coefficients,n; (p1) the electron (hole) concentration when
the Fermi level matches the activation energy of the impurity.

= Oxzy Ozp = Ox FromR, = R,, we obtain the following expression fax,
. Ni(ann + app1)
3. Equations n = - : 18
. CT ol ) T ap 1) (9
The macroscopic description of the transport of non-By substitution of Eq. (18) in Eq. (16) we obtain
equilibrium charge carriers is performed using the continu- N
ity equations for the electron and hole current densites and R, =R, = R = onapNi(np = mp1) . (19)
the Poisson Equation [21]. We consider the static case and an(n+m1) + ap(p +p1)
the absence of the external generation of carriers (by light oConsider that the applied field is weak. In this case, the ex-
other mechanism): cess of the electron concentratigin, = n, — n{) on the
. level of impurities is reduced to,
V-js = =Felg, ©) 0 0
~ . Sne — an (Ny — ng)on + apndp (20)
VB =" (10) " an(m+nd) +ap(p+pY)

wherep is the bulk charge density,is the material permit- wheren{, n?, andp! are the equilibrium values of the respec-
tivity, R are the electron and hole recombination rates. Subtive concentrations. From Eq. (16) or (17) we can obtain the

tracting Egs. (9), we obtain that recombination rate through the traps as follow [24]:
N N ] 0
V- (Ju + o) — e(Ra — Rp) = 0. (11) R=1 [(Nt Tﬁ;)5n+< o >5p} (21)
T n+ny + p1

The continuity equation for the total current= j,, +fp from  \with
the Maxwell's equations is 1 anop(no +nf)(po + i) (22)
T om(ntn})+op(p+pt)

V-j=0. (12)

Comparing Egs. (11) and (12), we obtain 4, Quasmeutrahty approximation
The concept of quasineutrality is basic in semiconductor de-
vice analysis and widely used in the literature on transport
phenomena [22]. Traditionally it defined a§ < (3, d?;
whererp is the Debye radiudp the diffusion lengthd the
thickness of the sample. It can be readily seen from Poisson’s
equation,

Ry, — R, =0. (13)

As it follows, the deviation of the concentration of the
electrons trapped in the impurity levéh; from the equi-
librium value n? depends on the deviations of the elec-
tron and hole concentrations from their equilibrium values 2
(dn=n—nyg, ép = p — po) throughR, andR,. The recom- —Vip=dmp/e, (23)
binations rates?,, and R,, are actually defined as the differ- thatép/po = (rp/lp)2. If (rp/lp)? < 1, thensp — 0.

ence between the rates of capture of electrons and holes aktder this condition the Poisson equation becomes an alge-
the thermal generation [22]. It follows from Eq. (13) that braic equatior{ép ~ 0), that does not need boundary condi-
R, = R, = R, the continuity equations for electrons and tions. This algebraic equation established a relationship be-

holes and Poisson equation take the form, tween the excess of carriers (electrons and holes) and make
the Poisson equation redundant. From the condijor: 0,
\V/ .jﬂ = +eRj = +eR, (14)  the non-equilibrium charge carrier concentrationanddp,

4dn 4me are related by,
E=—6 op — dn — 6 15
v —0p=—(p—on—dn).  (15) §p = e(dp — én — dny) = 0. (24)
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It follows from the Egs. (20) and (24) that, Substituting this expression into Eq. (8), we obtain:
6p = <6n7 (25) . O-EXO-)I(IZ + U;IXU)IZZ HE
e T\ ot ok "
where
o DP (4 oR D2\ 0dn
‘= an(ng + nf + Ny — nf) + o (po + p?) (26) - (UXX Uzj<+ :pxx ZZ) 87:’ (36)
an(no + 1Y) +ap(po +pf +nf) ol
In this case, 5 Jpz = —Jnz- (37)
R,=R,=R= —n, (27)  We can see that under the quasineutrality condition and the
h n Eq. (37), we work only with one of the continuity equations
where T for electrons or holes. By substitution of the Eq. (36) in
=N (28) Eq. (9), it can be rewritten as follows
and 2
N, —n? n? 0%6n  on
A= C to) ¢ 29 -5 7z =0 (38)
<n+n?)+(p+p9>< 29 02 Iy
. Thus
5. Boundary conditions 11 (39)
1123 T1 D ’
The continuity equations for electrons and holes have t
be supplemented by appropriate boundary conditions [14]. 1 e(ol +ob) (40)
Along the direction, it follow that, D o2 DL(+ ok Dy’

(jnz + Joa)|zmtp = 0. (30) The solution of the Eq. (38) is:
Similarly to the case of volume recombination, the expres- on(z) = y1e¥/0 + ypem /10, (41)

ion for surf recombination, can be rewritten as follow: .
sion for surface recombination, can be re eh as foflo The constants; andv; should be determined from boundary

R} = R} = Ry = Sudn + Sy0p. (31)  conditions (34). Assuming that surface recombination veloc-
_ _ o ity on the surfaces of the semiconductor sample is the same,
From the quasineutrality approximation (25), S, = S, = S, we obtain:
RS = S(STL, (32) v = ]{va:y7

with Yo = —y1 = —HE7,

ol gP 4 gP gn

XX XZ XX XZ

S = Sy + SpC. (33)

In this case,S takes the meaning of surface recombination 7 = . - D N
velocity. The surfaces of the semiconductor sample, change 2 (03 + oxx) (eS sinh(z7) + (75) COSh(ED
their properties at distances of the order of Debye radius an
becomes inhomogeneous, which explains the dependence
the rate of recombinatioR as a function of the coordinate

%Iflus, the variation of electron concentration along the sam-
ple (z direction) is:

thus il oS b (34) on(z) = 2HEy 4 sinh(z/lp). (42)
nzlz=+b — 1,207,
whereS; and S, are the surface recombination velocity in NOW we can find the Hall field,
z=bandz = —b. ol — P
Ez:_< Xz )I;Z>HEX
UQX + Oxx

6. Solution of the equations D —(Dp

B L < ° pzz) HE((27/lp) cosh(z/lp).  (43)
The continuity equation¥ - j = V - (j, + j,) = 0 show, Tex T Oxx

thatju, + jps, = j. = cte . From the geometry of the Hall £y this result we obtain the value of the potendial z),
experiment and from the Eq. (30), we can see that no curreftnich can be calculated from the equatiBp = —0.¢(2)
flow in the z direction, then the constant is zero at alll pomtsintegrating from(—b, z) and assuming that(—b) = 0

of the sampley,, + jp, = j. = 0. With this condition, we
. oz o L n_ p
obtain the Hall electric fieldvy = E,, and considering the Sp(z) = (oxz axz) (2 + ) HE,

guasineutrality conditionp = (dn), we get ol + okx
JQZ_U)I:()Z D;z _CDEZ dén DSZ — CDEZ N .
EZ:_ <0_)r(1x_|_0_xpx> HEX+ <0_}I(1X—|_O_pr) 92 . (35) — (0’}1:)(—'—0')%() QHEX’Y(Sth(b/lD) + SlIlh(Z/lD)).

Rev. Mex. 5. 57 (4) (2011) 368-374



372 S. MOLINA VALDOVINOS AND YU. G. GUREVICH

The Hall coefficientRy = E,/H jy is given by: i.a) Intrinsic Semiconductorény = pg). In this case
N there are no impurities concentratioN; ~ 0) and the only
o — gP . S . . .

Ry =-——x Xz viable recombination mechanism is band-band, the quasineu-

(0% + 0%x)? trality condition (25), change byn ~ &p. In this case ~ 1

=6 Ds and(ng = po = n;), we obtained:
+ (M) (27/Ip) cosh(z/lp),  (44) 0 =po = i) ‘ o
o T ORx VL [T(3 +2¢p) — b°T(5 + 2qu)] )
Notice thatRy = Ry(z), thus it is not possible to definéy decn; 0(3 1 q,)+6ICE + qn)]2 .

as a constant. Another aspect to consider is the dependence . . . . L
of Ry on the amount = C(ng, po, Ne, n?, n?, p2), which If the dominant scattering mechanism is by acoustic vibra-

connect with the equilibrium electrons and holes concentralions for electrons and holeg, = ¢, = —1/2), we get the
1 —
s [ b} . (49)

tions, as well as the impurity centres (traps) presents in th§/aSSic result,
"= ecn; |1+ b

sample.
i.b) Extrinsic Semiconductor:, > py). The potential
difference (Hall potential) is given by:

7. Results and Discussion

With the results presented above we can see in detail some e T'(3 + 2qu)
special cases, when we have a finite and infinite lifetime of ~ d¢p(2) = — 5 (z +b)HE.

e T L ) emytmo | I'(5 + qu)
recombination, and study the intrinsic and extrinsic semicon-
ductors: In this case the Hall coefficient is:

i) Strong RecombinationThis case is obtained when the
. S . 3 I'(5/2 4 2¢y

volumetric recombination processes are strong. This happens Ry =— vm 15/ n) (50)

5 .
when the lifetime is smalt — 0 (d = 2b > Ip > rp — 0) decno I2(5/2 + gu)

or the surface recombination velocity is large,— oco. In Depending on the dominant dispersion process we obtain the
this case the concentration of electrongz) — 0. The elec-  classical results. If the scattering mechanism does not depend

trochemical potential is given by, on energy(q, = 0), thenRy = —1/ngec. If the dominant
) scattering mechanism is by acoustic vibratiops= —1/2)
0pp(2) = &(2 + b)H Ex, (45)  we obtainedRy = —37/8ecnq.

i) Weak RecombinationThis case is obtained when the

where volumetric recombination processes are weak (this happens
e anOF(g +2q,) — poF(g +2qp) when the lifetime is great — oo, Ip > d = 2b > rp), and
§= ) the surface recombination is weak,— 0. The concentra-

emiy, bnol'(3 + qu) + pol'(2 + ; o .
p7P0 oF'(3 + da) + 2ol (5 + ) tion of non-equilibrium electrons is:

hereb = mfivy,0/mivy. Notice that the electrochem- n n

. . PP n . . . o2 P + 0P o

ical potential is equal to the potential differencee., on(z) = p"’b;‘z = sz HE,z, (51)
0@n(2)=0p,(2)=0¢(z). The electrochemical potential is Dy + (oD

not affected by the presence of recombination processes bgr the pointz = 0, the electronic concentration is zero and
cause that processes are very fast. The electric potential dircrease reaching its maximum value at the surface of the
pends solely on the accumulation of charge on the surface &femiconductor sample = +b. Similar situation we have
the sample, which causes the polarization of the sample. Owith the concentration of holes. This behaviour will be re-

the other hand the Hall coefficieft;, takes the form: flected in the form of the potential difference,
oP — ol ol —oP
R — XZ XZ — XZ XZ
H e do(2) [Ufﬁx n U)IZJ (z+b)HE,
37 [pol'(§ +2¢p) — 010l (5 + 2qu)] 0%, + o2,

_ L. (46)

1 - - (z + b)HE,,
ec [pﬂ‘(% +qp) + bnol'(5 + (]n)]

_ [ (D5, = ¢DE ) (0308, + 0803,
(U)Iclx + ng)(o)lnggz + Co—)rclxDEZ)

Notice that in this case the potential difference is affected by
the variation of the electron concentratién(z), and being
different from the classical results. This expression includes
explicitly the term¢, which takes into account the physical
material characteristicgge., concentration of traps present in
Ry = (37/8ec)((po — b*ng)/ (po + bng)?). (47)  the material, the activation energy, as well as the recombina-
tion coefficientsa,, anday,. This is a big difference with all
From this result we can apply two cases: extrinsic and intrinresults presented in the literature, which excludes this depen-
sic semiconductors. dence [9,11,13]. As we have a variation in concentration two

We see thatin = jp = 0, and recover the classic case for the
Hall coefficient.

If the dominant scattering mechanism is by acoustic vi-
brations for electrons and holég, = ¢, = —1/2), we get
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guasi-Fermi levels exist, which reflected in the electrochemsecond case the concentration of electrons in the conduction
ical potentials for electrons and holé$z,(z) # 6¢,(z)).  band dominates in the semiconductors materials, additionally
The Hall coefficient dependence on the tefnas we see be- the hight temperature stimulate the generation of electrons.

low The electric potential is given by
ol —oP 5
Ry = ———xz Uxz_ e(z+b) [F(‘2’+2qn)]
o+ okx)? dp(z) = HE,, 55
( : A= i [ TG+ a) (%9
(D;lz B CDEZ) (O-DY(lXU)I()Z + O')I:zo')l;()x)
(52)  and the Hall coefficient is

(U)Iclx + U’I‘)X)Q (O')szD;lz + CO-)I(lXDgZ)

It is important to note that when the recombination processes
are weak and only wheg = 1 it can be reproduce of the

result presents in [9, 13] for the Hall effect. If the dominant

scattering mechanism is by acoustic vibrations for electron§™0M the above results we see that the potential difference
and holegg, = ¢, = —1,/2), we obtain: and the Hall coefficient are identical to the case of strong

recombination for extrinsic semiconductors. This can be ex-
plained by saying due to the high concentration of electrons
in the sample, the effects of a redistribution of carriers in the
potential are negligible, only it is important the redistribution
of charge on the surface of the sample.

_ 3y@ T(5/2 + 2g4)
decng T2(5/2 + qn)

Ry = (56)

Ry — 3 po — bng

8ec | (bno + po)(no + po)

ii.a) Intrinsic Semiconductorény ~ pg). In this case
there are no impurities concentratigiVy =~ 0) and the
only viable recombination mechanism is band-band. The
quasineutrality condition (25), change @ ~ dp, with 8. Conclusion

. (53)

¢ ~1,and o .
_ _ When the recombination is strong the Hall potential, Hall
Sn(z) = I'(3+2q)  10(5 +2gp)] e*noHExz field and Hall coefficient do not depend on the distribution
N F(g + qn) b F(g +qp) | 2Ty’ of the nonequilibrium carriers, and the trapping centres. We

. . can say that independent of the amount of impurities presents
The Hall constant in the case when the dominant scafj, the sample they do not affect the measurement of the Hall

tering mechanism is by acoustic vibrations for electrons and e ntial. The source of the Hall potential is due to accumu-
holes(¢n = ¢, = —1/2), is: lation of carriers on the surface of the sample.

3t [1—b If the recombination is weak, the Hall coefficient, the Hall
Ry = T6een: [ler} . (54)  field, as well as the potential is modified by the presence of
’ the distribution of the nonequilibrium carriefa(z), that in-
ii.b) Extrinsic Semiconductor@y > po). cludes explicitly the dependence of the concentration of im-
The concentration of non-equilibrium electrons is: purities.

In the case of extrinsic semiconductors, the Hall constant
does not depend on the distribution of the nonequilibrium
carriers in cases of strong and weak recombination. The
measured potential does not depend on the presence of the
redistribution of the nonequilibrium carriers along thaxis,
it only depend on the concentration of carriers in the surface
of the semiconductor sample.

(03 +2¢n) T3+ 2qp)} e2poH Fyz

on(z) = )
) F(g + qn) F(g +qp) | 2¢Tmprp0C

In this case we have = ((ng, po, Ny, nl,nd,p?) thus we
consider two cases, i) low temperature, whafe~ n? >
no ~ nY > py ~ po, consequently — 1, i) high temper-
ature, wherer) > N; ~ ng > py ~ nd > p{, thus¢ — 1
too. The similarity of the limits is due to the following: con-
sidering that the recombination coefficients for electrons and

holes are of the same order, in the first case the concentratighcknowledgments
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case it is necessary to work with the average velocity of the
electrons< v(e) >, which give equality in the Lorenz force 15
e<wv(e) > H/c=eE,.
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