Soviet-era science, translated into English

PHYSICS

1963

SovietRxiv

View the original and related papers at https://sovietrxiv.org/items,/ru-196301.40944

Source: Math-Net.Ru and CyberLeninka. Machine translation. Verify with the original.


https://sovietrxiv.org/items/ru-196301.40944

Abstract
Full Text

PHYSICS
M. I. KLINGER

THEORY OF LOW-TEMPERATURE TRANS-
PORT PHENOMENA IN SEMICONDUCTORS
WITH LOW MOBILITY

(Presented by Academician A. A. Lebedev on 10 VII 1962)

1. In papers (1, %) a theory was proposed for high-temperature transport phe-
nomena in semiconductors with low mobility, i.e., in a certain approxima-
tion, a solution of the problem of non-Boltzmann transport in an electron-
phonon system with strong interaction, whose parameter is ®; > 1 (see
below the criterion A" 3> A). To calculate the transport coefficients o,
their general expressions (2) of the type

< dl
Dyn :/ o ReSp P PEN(FH — 1 +ie) " M(H — 1 —ie)™! . (1)

© e—+0
are used; for these, effective expansions are constructed in the basis of localized
small-polaron functions |sn) (+,%) (s is the cell number, n = (... Ny;...), Ny,

are phonon numbers), where /A, M, N are the Hamiltonian and the current
operators for the “one-particle” system, and

(sn|H|sn) =¢,, — Epols
where (%2), p. 1.4)
€y = Z hwpiN s €pol = £ T (5]0V|s) — de, de = Z Vi [Pws)
fi fi

According to (%), for Re D,y the first correction §; and the second correc-
tion d, are smaller than the principal term Re DS,,(00;00) (respectively for
Im Dy, n), if (below h =c =k =1)*

A«T, I < w,y; (2)
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AZ(w,®,T) ! « 1, AZ(w,®5)? < exp(—phé)) < 1, (3)
x<1

for we have**

|0,]-| Re Dpyn| =" ~ Ae<wp¢0)71; 05|/ Re Dy |t € {Ag(wp(I)OT)il; A?(wp@o)’Q eXP(ﬁﬁgo)} .
In (2), (3):

A = Ay exp[—0(T),

where usually Ay ~ A, A, is the width of the electronic band;

1 ‘S/ /Bw )
(T) = §ZA;j cth< 2”) ;
fi

* For A < T, the method for estimating the corrections in (°?) is equivalent to

taking account of the successive subtraction, at A <« I, of small contributions
of “singular” matrix elements (in the resolvent expansion) in which sets n are
repeated (the account of the operation ir is essential, and footnote (*) in (°)
refers only to the first correction).

** In paper (°°) it should read: in ITI, 11, instead of A (w,®,) " < 1, read

Aﬁ(wpfl)o)_Q < exp(—phé,y) < 1;

in Appendix 2.v, P.2.9, instead of Re DY,,(00;10), read Im DY, (00;10); in
P.2.10, instead of exp(—pSV}), read exp(+5&); in the last estimate, instead of

|05] - | Re DY, (005 10)| 71 < (Q/w,) /2,
read
105] - | Re Dy |74 € {A2(w, @0T) 15 A2(w,By) 260}

(i.e., the second condition (3) is sufficient). In P.38 (%) the correction must
have the form:

61D yrn = Djyyn(00;00) — DY, (005 00) ~ (FH7)?,

since
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60G ~ (.7-[/)3.
D(0) = Dy; )\}‘;/ are the lattice-deformation parameters; at 7' > w,, and ®; > 1

FeTy=2r Y exp(BF, — Benp)|(kn|F k)6 (e ), — i) = Toe P,
k;n,n’(#n)
(4)

Ty \f A2(E,T) 12, 5052 A5 Wi (5)

fi

Above, w, is the characteristic frequency of the essential phonons. Let us note
that T’ o~ "1 > A at T' > T, and for not too small A, Tj ~ w, [6] (in the
general case Tj) = wp).

2. Let us consider here the basic relations of the theory of transport phenomena
in the same semiconductors, but at low 7' < Tj = w,, /®; < Tj. In this range of

T, considering for simplicity the static case, we have for Ug\‘}’N) = ;(O'MN +onu):

[e'¢) t
2
US\(/?NZNC/ dteiat(\I}MN*\I/NM)/ dT%lncth T
0 0

285"
oy = %ﬂNC /Ooo dte ™= (Wyy + Viypy) = N7(SOMN +onm); (6)

where
U, v () =ReSpexp(BF — BH) N exp(iHt) M exp(—iFt). (7)

It is convenient to compute the trace in the basis of orthonormalized functions
(km) = 7% = Ny 3 sm) = i+ 27, ), (5)

describing the state of the carrier (polaron) in the band and the phonon system
(k is the total quasimomentum of the system; g is a reciprocal-lattice vector).
The energy of the system unperturbed in the kn-basis is (kn|H|kn) = ¢,,;, =
e, +€,(k), and in the nearest-neighbor approximation
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,(k) = E(k,) exp[—®(n)] = ¢, (k + 27g),

1 ,
®(n) =5 D A% (1+2Np)),
fi

where E(k) is the dispersion law in the corresponding electron band, k, =
k — ijij is the carrier quasimomentum (to within 27g), and the mean
width of the bands ¢, (k) is A; for &, > 1, A < w,. The perturbation ma-
trix is (kn|7’|k'n") = (kn|#'[k'n’), 4, . The transport under consideration
is determined by scattering of band carriers between |kn)-states by means of
multiphonon processes. Since J is translationally invariant, in the reduced-k
scheme

(kn| K |K'n) = 8y (k| H' k). (9)

In the principal approximation of the theory one should set:

(kn|po(F0)|k'n") = (kn|exp(BF — BIC)|k'n") = fo(kn)oyy s (10)
f()(kn) = exp(ﬂFO - ﬂsnk>; 5nn’ = H(stij}j’ (11)
fi

and, at H =0 (H is the external magnetic field), for (kn|M|k'n’)

(kn|M|k‘/n/) = (;kk/ [(kn|M0|k’n)§nn/ + Mnn/ (k)] ~ §kk/(5nn/M0(kn).

The operator defined in (9) satisfies, as is easy to show, the basic Van Hove
relation (5), and below the consequence of (9, 10) is used. We find that

Ol = ZNO(k‘n) fi(kn) = ZNO(kn) Thr(eskn), (12)
kn kn

Frleikn) = 5 Re [ dte= (| pyet ™ Me 7 kn) = 5 Rekn|po () n).
0
(13)
Further (10),

Y ,(e) = (e —iLy — iYL )" (M’ +iYL'Df,,())
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and

I.Dfj () = [e+ DL (e —iLy — iYL ) 'Y L'|Df},(e) =
=Qu(e) = D[l +iL' (e —iLy, — iYL )" 'Y]|M; (14)
(a|Dfla’) = (alfla)daes (Y flo) = (@l fl0)asars (15)

DM =M°  L.f=[%H,f; Lf=[Hf, YM=M.

Using (10)—(15) and the expansion (in H”) po(H o+H') and (e—iLy—iY')"t =
(e —iLy) ™t + (e —iLy) iYL (¢ —iLy)~! + -, one can obtain an equation for
f(kn) = Z;w far(kn) Fyp + f7(kn)E. Neglecting the contribution () — MO
and the higher-order correction terms in 7’ indicated below, in I_D f},(¢)|._ 105
we obtain, in the basic approximation so defined, the transport equation*®

(3{) . (3{) _o; (g{) — —Bfo(kn)Q(kn),

<%> 1l = Tof'(kn) = &y, f"(kn) — Zwkn;kn”é(‘fnk — &) [(kn");  (16)

n

4

Q(kn) = ZMO(kn)FM + eEv0(kn), (17)
M

an = Zwkn;kn”é(‘gkn - Ekn”); wkn;kn = 07 <an>0 = Qb'

n”

The expression for wy,, 4,~, including terms ~ (F’)*™|,_, , | is analogous to
the corresponding expression in § IV (9), if I = (k,n) and (9) is taken into
account (and therefore it is not written out explicitly; item 4 in (6b) refers only
to the possible case when, for T' < Tjj, one may restrict oneself to the lowest
approximation in H”’, wgmkn,, = 27| (kn| ' |kn”)|?). For

h
“LH <A,
m-c

i.e.

H < H, = he/|e|a?,
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we again have (16), but

(Z)dyn = —Bfo(kn)Q(kn) — e(v x H] - V. f'(kn), (18)

m* = h%(Aa?)"! is the mean effective mass, a is the lattice constant.

It is not difficult to take into account the contribution doy,n = >° f1,(n,n";k)N/

of the nondiagonal elements N, , (k) in o,,,, and in the lowest approximation
in K’ ondy =o'l ~ MENCA2BTN,, M = |(s|M]s")].

* F) is the external force conjugate to the flux M; to the charge flux M = j =ev
there is conjugate the electric field E (v is the velocity operator); incidentally,
v (kn) = (kn|v|kn) = ¢, (k)/ 0k, v),,, (k) = (nk|v|n'k),, 4, .

Corrections to the principal approximation (for o, ) defined by formulas (10)
—(12), (16)—(18), due to the contribution of do,,; and to the higher, in F’,
approximations in @,;(¢) and I_y (¢) not taken into account in the principal
definition, are small for ®, > 1, SA « 1, if

|<6vnk>0| < <vnk>0’ Qb < Aa ie. Ae < Ag(wp,‘l)0> < wp(bOa (19)

where dv,,;, is the correction to v,,, = [v%(nk)|. Relations (10)—(12), (16)—(18)
make it possible to calculate the kinetic coefficients o, under (19) and at low
T <13

3. Equation (16)—(18) is solved in the usual way, and for (H || OZ)

) = {1 = 15" (o, ) - — o, ) } I7'QMkn).  (20)

x

From (12), (20) it follows that at H = 0 the drift (ohmic) mobility is

u<,‘°‘,)(T) = |e\§ (v;(kn) Iy v;(kn) 4 vj(kn)lo’lvi(kn»o ) (21)

)

— ) _ V(dk)
iz (= /ﬂ( o m o 2R 2o ()

and approximately (cf. ())

-1 le|a? BA?

u(T) ~ el AT m (1)0) " = 150

(22)
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In the principal approximation €2, ~ exp(—fw,), i.e. it increases with T' (two-
phonon scattering of a polaron in a narrow band A < w,,). Since A(T") decreases
as T increases, one should expect that, in the main, «(7T') decreases exponentially
as T' increases.

From (12), (16)—(18), for H < HyQ,A~! « Hy and T < T, it follows that the
Hall mobility u; = |Ry|o has the form

e <vy(kn)151 (vy(kn)% — vm(kn)a—‘ZJ Io’lvx(kn)>0
unT) = <vy(kn)161vy(kn)>0 - m*Q,’

(23)

ie. ugh, ~ (BA)™! > 1. For T > Ty also usually ugy > u, if Zﬁ X;ﬁlwﬂ are the

same for all nearest s,s’; uy contains terms of the form (7)

ufy = lela®h ™ A& (B6) T exp(88)

and

Sug = lela®h LA (T) Y2 x exp(—pU,) < uly,

i.e. uy ~ uY (in the preliminary estimates (*) only the part of uy of the form
duy, the same as in (11), was included). For T' < Ty the thermopower is

1
Yo = E(:u _6p01 - 66)7

just as for T > Ty, (5¢). (For T >» T, and N, < N,

~ et 1n&+6—5
Yo = NO T )

and usually one may put v, ~ —e ' In(N;/N,).)
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