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1. In the present communication some essential features of relaxation and trans-
port phenomena of localized small polarons in an ideal crystal with low mobil-
ity are discussed from a somewhat different point of view than in the quantum
theory, developed in recent years, of transport phenomena of small polarons,
small-radius polarons (and, in general, current carriers of this type) (see, for
example, (1?)).

Let us consider temperatures T > T;, so high that (by the definition of T})) the
mean numbers of essential phonons N #j(T) > 1: in actual cases (for example,
polarization phonons) for T' > T,, the “jump” mechanism determines the trans-
port; for T > T, the polaron-phonon interaction (perturbation) H; and the
current j, = ev, may be approximated by (*)*

(s1nq|FH 1 |song) = (81101 H 1 [smg) = <31n1|5{1|32“2>’n1#n27

. od ie
<31”1|JM|52”2> - <51”1\Ju|52”2> = gpp<31n1|}[1‘32n2>5 p=sy—sy; (1)

v is the velocity operator; s is the vector of a site (cell); u = x, y, 2.

Generalizing Sewell’ s model (), one may assume that for T > T, the basic
unperturbed system, describing an electron strongly coupled with phonons (in
a crystal with low mobility), is a small polaron (localized in some cell) and a
classical equilibrium (in the theory (1) the phonons are regarded as equilibrium)
phonon field I', whose Hamiltonians are 7, and Hp: Hy= I, + Hp.

The perturbation is determined by the action of fluctuations & (t) of the phonon
field on the small polaron and is described by the stochastic (polaron) operator

hE(t) = hF[¢p(1)], where (in accordance with 7, from )
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(51| F(t)]52) = A1y Qq(t); (F)p =0; (Q12()Qa1 (t))r # 0;

(Qra(D) Q23 (") Q31 (")) # 05 (Q12(H)Q23(t") Q34 (") Quy (t"))r # 0, (2)

where Ay, = A, s the electron transfer integral (and A, ~ A, is the width
of the initial electron band), which here is the initial small parameter of the

model (see (*)), and Q5 = Q, ,, does not contain A,,. In addition,

}[pl‘5>:§0|8>7 [][plvj{l‘]:[ij{I‘]:Oa (3)
where |s) and &, = const are the polaron states and term. Taking into account

the usual

* The notation is the same as in (*): [sn) = [s) - [n'¥)) and n = (- Np;-);
Een = Ep ij fw;Ny; is the energy of the system (localized small polaron +
phonons with “displaced” centers).

of the definition of the mobility tensor u,, (w) (3), calculating in it the trace in

the basis |s), we obtain u,,, in the form *

oo
Uy, = u,,(w=0)= |e|5/ dt exp(—et) Re <UV(O)U+(t)UH(t)U(t)pl>F, e— 40
0
(4)
—pl
where 4' and (A)r are, respectively, equilibrium averages over the polaron
and phonon variables, for example, (A) = Spexp(8Fr — fH ), B = 1/kT;
U(t) = Texp{—i fot dt'F(t')}, T is the time-ordering operator; w is the field
frequency. Taking into account that (si|v,(t)|ss) — ip,A15Q15(t), one can

obtain regular expansions (in F') for u,,,:

o L L) _  (l4+1 —/ -
Uy, = Z ZuLV>7 UEW) = 'U/,(u,l/ 2 = e[ Z Z pll/<pl2_pl1)[l,‘[lll2zlll2'

1,=01,=0 Probuy Py,
D1, = Bop, B, By, Do

oo t ty -1 t t ~
Z1, = Re z‘ll+l2(—1)l2/ dt/ dtlm/ dtllf dt;2-~/ Aty v, 0
0 0 0 0 0

(5)
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U1, = (Qos, (0@, (1)~ Qg 7, (1) Qpgo(11))

where, generally speaking, the correlators \illl 1, are complex functions. As in
other stochastic models, it is assumed that correlators of equilibrium fluctuations
of the type ¥; ; — 0 as ¢ — oo sufficiently rapidly, so that quantities of the

type

v =Re / dtUy(t), 6=Im / dt U, (t) (6)
0 0

are finite, i.e., finite correlation times 7., and 75 exist. If one assumes, as appears
natural (and in agreement with theory (1)), that the same 7. and 7; determine
the characteristic correlation times for other @1112, then 7,75 (and v, d) are the
principal parameters describing such a stochastic model of high-temperature
transport of localized small polarons. If 7., and 75 differ substantially, then,
taking into account (5), the form of the dependence A,,(H), and also from
comparison with (1), that 73 ~ § and 7., > 7 (see (10)), one may, to order of
magnitude, write ** (H || OZ)

it (H = 0) ~ ull) {op (wrs) P+ eprifry Pl ep 515 ¢ 51,

L H ’
u&y>(H < Ho)‘l ~ F|e|ﬁa2w§ {bLT(S(weT&)L + bL(weTa)L[’75L,zz+1 + 7'55L,2z]} )
0

(7)

H /
uly) (H = 0) ~ ughBuw?y; |u§01?)(H < Ho)”F ~ uoﬁohﬁwif(bﬁg +0177,),

where w, = A, /h; [L]={L for L=2l; L—1for L=2l+1};

* Analogously, one can calculate any kinetic coefficient o, of small polarons in
this model under the action of weak “external” forces (allowance for Kubo-type
formulas) (3).

** The index I denotes the case when, in the plane perpendicular to the magnetic
field, three diagonal nodes may be mutually nearest neighbors, i.e. [Ay| ~
|Ags| ~ |Agq|; IT denotes the other case.
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ug = |ela?/h; H, = hc/lela?; a is the lattice constant (uq ~ 1 cm?/V - sec for
a~3 A). In the case y < 75 < 7, and 7, < 75 (as in (') for T <« £/k), in the
main approximation in the small parameters w,7; < 1 and w7, < 1:

Uy = U (H = 0) ~ ughByw? < ug;

1 H .
|, = ) (H < Hy)y ~ g7 < g, (8)
0

The mean charge currents I, and energy currents S, are connected by the simple
formula

. . k\°
L W £ = const; N~ e—(&—s); Xpp K Toy,, <g) , (9

where £ is the chemical potential, i.e., the energy transfer is basically of the
convection type (1, x, and o are, respectively, the thermoelectric power, the
thermal conductivity at zero current, and the electrical conductivity).

The estimates (8)—(9) and the criteria of the theory w,7, < 1 and w, 75 < 1
are equivalent to the estimates for Uy M, X, and to the criteria of smallness of

A, from (1), if one sets

€ =gy — 0e, d¢ is the binding energy of a small polaron,
v = Tve’g/’“T; T, = h(E/kT) 12

Ty~ 0 = {h/E for € > KT; hp for & < KT'}. (10)

In such a model the structure of the terms of the expansions (7) for w,, is
noticeably simpler than in (1), and the estimate of the convergence criteria of
the expansions supplements and confirms the criteria of smallness of A, found
in (1) (for such small A, the adiabatic correlation of the state of a small polaron

with the lattice vibrations may be neglected) (8).

2. Let us define the characteristic times 7; of interaction and 7, of current
correlation as the damping times of the essential part, respectively, of the
correlators of the perturbations #; (for H = 0) and of the currents, and
let us denote by 75 the relaxation time of the carrier current.
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As follows from the general expressions for the kinetic coefficients of the Kubo
type (%), weakly nonequilibrium transport is determined by the character of
the free relaxation in the system, and, as follows from (1), for the transport of
local small polarons at high T the character of the relaxation at small times
t <7, ST, < TR is essential.*

In the case under consideration of equilibrium phonons it is convenient to con-
sider the relaxation of the density matrix R, (t) of local small polarons, already
averaged over phonons (for example, R, (t) describes the stochastic model of
the system considered above).** It is natural to assume that the relaxation equa-
tion for R, (t) has the same form as for R, ., (t) according to (°)***, and
then, in the lowest approximation in 7, the relaxation equation corresponding

to it for the part even in H, R') (t,H) = R (t,—H), has the form

ss’ S8

dR) (1) L 0) N o0) 0) N o(0)
o) :/ at' S {99t — 1RO, @) — g9t — RO}, (1)
0 s”

gi?, (t,H) = Zexp(BFO — Be,,) cosw,,,/t \(sn\%1|s’n/>|2 = gi()), (t,—H);

s
nn’

and describes the relaxation of small polarons during their diffusion by means
of

* The times 7, are different for quantities even and odd in H : for even 7, — 7, = 7, ~ 7;, and for odd 7, —

** One may assume that the perturbation F' is also dissipative in the sense of Van Hove.

*¥%k At large t ~ TR the relaxation of small polarons is mainly Markovian; an essential contribution to it is m:

simplest two-site independent “hops.” However, even for ¢ < 7, the transition

matrix gi(;), (t) does not contain a contribution from coherence of the interactions,

and the phase “memory”is due only to the time dependence cos(w,,,,,t); therefore

the non-Markovian features of the process (11) at times of order ¢ should not

(L)
with

ss’

be significant. On the contrary, for ¢ < 7; the higher approximations g
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L > 1 also describe non-Markovian relaxation processes of small polarons with
correlation “memory,” due to interference of perturbations in (L + 1)-site hops.

H
For small H < H,, putting R, = R, + F(SRSS/ (to first order in H/H,), we
0

obtain, in the first nonvanishing approximation in % ,, for the odd-in-H part
OR,

d5R _
/ 01 3 {0 6= DR () = (¢ = R0},
(12)

A=Tor II where for case I (6g,.,); = (5922)1,5, and for case II (8g,, )y =
(5935 —|—(5g )H, 5935’ o HL.

For sufficiently small A, (see (8)), equations (11), (12) describe, in the main
approximation, the relaxation process of local small polarons, on the whole non-
Markovian (for times ¢ < 7, essential for transport) and due to “hops.” When
a weak electric field F), is applied, an ordered diffusion of current carriers and
a finite mobility u,, arise (for the same relaxation processes): for |eF,p,| <
kT, |pa:| ~a

elp v
= |q<|y) Zpupmgg) ~ U‘OhﬁQ(V) <K U, (13)
p

””’|v:z,y

where ¢ is determined by the number b, of sites (cells) “participating” in the
elementary act (i.e. b, =2; (b,); =3, etc.),

v . n e H [T —
Q, Zgg ), 953 ) = ‘é dtgé%)(t); (ggy)))\ = |Ho/o dt (8g,,(t)x, A=Torll
p

|
(14)
relations (13), (14) are analogous to (8).

In the stochastic model of the nonequilibrium type considered, at high tempera-
tures the transport of small polarons has, in the main, the character of diffusion
by means of hops under the action of thermal fluctuations. This transport is
determined, in contrast to ordinary (for example, Brownian) diffusion*®, by the
velocity correlations ¥, (t) at small times ¢ < 75 and is governed by an equa-
tion that takes into account the non-Markovian features of transport of this

type. Moreover, the principal part of ¥, (t) for u,, is, for essential t < ¢,

\I/Ef,,)(t) o< exp(—qt*)P,,(t), where P, (t) is a certain complicated oscillating

function (for sufficiently small ¢, \I/L”V) (t) decreases with ¢ in a Gaussian manner),

and similarly for Wy, (t) from (6) (see (1, 8)).
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