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DISTRIBUTION FUNCTION FOR ELECTRONS
IN A STRONG ELECTRIC FIELD

JAN FOLTIN, Bratislavs,

We want to determine-the expression for current density, or electron distri-
bution function, obtainable by the method suggested in [1] in different approxi-
mations with regard to the magnitude of the parameter ¢ characterizing the

be interpreted as the energy-independent relaxation time of & process affecting
the motion of electrons apart from their collisions with phonons. It was
shown [2] that the effect of this interaction could be included by means of
the additional term 7o — po) in the density matrix equation. In the pre-
sented paper, contrary to (1], the model is chosen in which gg represents the
Maxwell equilibrium density matrix go(H, + Hj) corresponding to the state
realized in time ¢ — — op. A this moment an electric field of the intensity #
was applied in the z-direction and the system of dynamicaly independent
electrons was exposed to the interaction with phonons.

We use the denotation in which Hy = P%(2m)~1 represents the Hamiltonian
of electron having the effective mass m. Phonon Hamiltonian Hp can-be

Hy =% Viasexp (ic.7) + ﬂ\mam@ﬁilmm.ﬂv

with & signifying the phonon vector, Ve characterizing the coupling and
at, az denoting the Phonon creation and annihilation operators respectively.
The density matrix 0, necessary for the evaluation of current density,

represents the solution of the equation

do i e — @

= 7 les Ho+ Hi+ Hy 4 Hj—=—

a & T
with the initial condition p(— w0) = oo(Hp 4 Hy). The formal solution of
this equation can be written in the form
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’ i " — ¢ i
o(t) = go + 5 | exp T exp Y (Ho + Hy + Hy) (¢ — ) le(t), H,) x
i
X exp IMQ&o + Hy + Hp) (¢ — ¢) lag + e(?)
i which
t
- i t — i i
o(t) = W exp N exp M:Amc + Hy, + Hp) (' — t) [oo, Hp] x

quantity for the Hamiltonian of the oscillator with: frequency w3 will be
denoted by [N=>. The energy of this oscillator can be written in the form
E(N7) = (V3 1/2)hw- | with N taking on all non-negative integral valyes,

When eXpressing the current density we must find the average value of
the electron velocity operator which is diagonal in the representation chosen,
We shall therefore be interested only in the diagonal matrix elements of o.
.<<m shall not put down the direct expression for the current density since
it can be easily expressed by means of the distribution function the derivation
of which we are concentrated on.

From the character of H; it is obvious that the diagonal matrix elements
from aero% terms of ¢ which are of the first order in H; are zero. Therefore
only o and the second order term in H,, namely p,, will contribute to the
current. In order to OXPress g, we must know the non-diagonal matrix ele-
ments of the first order term H.,b H,, namely o;. Since the non-zero matrix
elements of H; are those of the type <EN|H,E +a, .. N:F1..> and

. i
the operator function exp W (Ho + Hy, Hp)t can be written in the form 9
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from paper [1] and the diagonal matrix elements of ¢ can be expressed by
the relation
elv o

. .%Ia <EN|golkN> -

CENo[ENy — —

we can obtain the following expression for g, :
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Since (LN lo2leN) can be written in the form

-
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F L BNy — GNH,j 1 6 N3 F LG43, N3 T 1 joufknvy)
and since
CkN\Hik + 3. N FLYG 45, N 7. JHENY = [V:2N(+ &)

with N(+4 ) = Ny and N(— o) = Nz + 1, then after the transfer from
the density matrix to the electron distribution funetion Jf consisting in the
averaging over the lattice variables, we obtain the following expression for
the part of the distribution function contributing to the current-

eBvr 9
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is introduced and under Nz the mo:oginm is understood :

V2 exp <Al N By
_ KoT Pl ke
N N

with By signifying the eigenvalues of o, v

Emz Phonons are assumed in the thermal equilibrium in spite of their
being coupled to electrons obtaining energy from the electric field, we can
write

170 =L

, Since the mm.mma of
electrons on the phonon distribution cannot be neglected then [3].

The sums 1,5 + Iz and 13 41 represent the integrals of the type
0
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Due to the complicated form of these integrals we must use the approxima-
tions dependent on the magnitude of the parameter . One of them is conve-
nient in case 7 being sufficiently large in comparison with the relaxation
time of the electron-phonon collisions. The fact that for small values of ¢

equation is the better the larger the relaxation time of the corresponding
scattering process is.

We shall evaluate separately the terms with ¢, — ¢ and the terms with
oz 7 0. In the latter terms the factor exp {t[z), occuring in the mentioned
integrals, can be considered approximately equal to unit. Since the integrals

0

of the type % cos (2 + wt) dt can be computed [4] we obtain:

) . L o}
Q.+N -+ N._..mvan%o = WIHM sin mnl OOme

* ” % Sm Sm

‘ANvN + Nuﬂvqu#o = MMM. s Mm, oOmM

where under Q the expression |2, +| is understood. For terms with ¢, = ¢
we can write

. 2v
A.N+N IT .N+m«vvau||.c = i + em..ﬁw

. 2t
(L +25), o0 = 1+ e’

If these results are set into (+) and the definition of Q is used, it can be
seen that beside the terms linear in the applied field (coming from the first
term of the right side of (+) and from the second term of the right side of ()
in case of g, = 0) there are in the expression for the distribution function
the terms having the following dependence on the Intensity of the applied
field :

B2 5 azlsin (yzB-1) — cos (yzB-1)]

qawo
BT 5 welsin (y2B1) — cos (yB-1)].
AQRWS
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