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We consider non-adiabatic transitions in a system of two parabolic terms coupled by a constant
interaction while the magnitude of the interaction of the system under consideration and the me-
dium is arbitrary. Localized thermal transitions of electrons in condensed media correspond
to such a model. We find a solution in the semi-classical approximation for the case of a suf-
ficiently weak coupling between the terms. The non-trivial factor multiplying the exponential in
the expression for the transition probability has a Lorentzian form with a half-width depending
on the activation energy, on the coupling between the system and the medium, on the tempera-
ture, and on the correlation time in the medium.

WHEN studying certain localized atomic proc-
esses in condensed systems, the problem arises
of non-adiabatic transitions such as predissocia-
tion,[“ and this problem is nevertheless appreci-
ably different from the corresponding process in
collisions in gases because of the presence of
bound states of the system at the beginning and
end of the process. The system is concentrated
periodically in possible states, but a definitive
separation of these does not occur at any time.
Such a problem has already been discussed in the
literature (see, e.g., tz, 3]) in connection with the
problem of thermal transitions of electrons in im-
purity centers in crystals. The result of these
papers can be reduced to the proof of the fact that
at high temperatures the transition has an activa-
tion character, while at low temperatures its char-
acter is that of a tunnel effect. The magnitude it-
self of the transition speed cannot be found exactly
as the application of a stationary treatment of the
problem, used in £2,3) s incorrect in the case con-
sidered. This is, in particular, reflected in the
fact that the applicability of the final expression
for the transition speed turns out to be undeter-
mined.

A rigorous statement of the problem of a lo-
calized transition in a medium is to treat it as a
relaxation process: the system is given in one of
two possible states (we assume the corresponding
terms to be parabolic) and we must determine the
time sequence of the relaxation to a statistical
equilibrium in the two states.

To find a solution we shall use a semiclassical
description of the motion of the nuclei and there-

fore use the Schrodinger equation in the following

form'? (h = 1)
VP
)

i(¢1>:(u1+a1xq, i
P2 B, us + aszq

Here y¥; and ¢, are the semiclassical functions of
the nuclei in the first and in the second electronic
states which correspond to the terms uy and uy;

B is a constant interaction between the terms, as-
sumed to be real; @y and «y are the parameters
of the interaction of the system with the medium;
x and q are the coordinates of the system and of
the medium;
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The distance between the equilibrium positions
of the oscillators (2) must be sufficiently small so
that we can introduce an average trajectory of the

motion (corresponding to u in the figure)

Z = %o c0S 0. (3)
The appropriate inequality looks like'*!
2 [ ?AE << 1. (4)

The natural condition for the applicability of the
semiclassical approximation, the inequality
w*@* » AE, where X is the quasi-intersection
point of the terms, is satisfied by virtue of (4).
We introduce the following notation for the ele-
ments of the density matrix:
Xo=x.— T

V2

Xo= (Prpr—wab2)/2 (5
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E YT 1
v iu dazg
i ! we assume that
\\ - Q) q(l)> = Cgde vt (11)
\\ This means that the change in the density matrix
\\\_/ N«% W is considered over a time interval which is much
A T larger than the correlation time 1/y in the me-

xZ

u, and u, : electron terms; T : term corresponding to motion
along the average trajectory; x : coordinate of the quasi-inter-
section point; Aaxq : interaction of the system with the medium

leading to the relative broadening of the levels.

so that
X = iQX, (6)
where
X Aeu, 0, —y2B
X:(X)’Q:<’__—%MV% } ™
Xo —V28,¥28, 0
A = Au + Aazg, Au = u; — up,
A(l = Oy — Q2. (8)

We shall assume that Ae/a@ < 1 (where «
= (ay + ay)/2) so that in what follows we need not
take into account the process whereby equilibrium
is established separately in u; and uy,. The ma-
trix equation (6) corresponds to the usual integral
equation:
i+t

S Aau(s)ds]

t

Xo(t+1)— Xo(t) = —iv§ﬁ§ {X+(t>exp[i

— X‘(t)exp[— iH:Ktl Aau(s)ds:l} dty

1
T t i+

— 4p2Re S dty S dtsXo(t + t2)exp| i S Aau(s)ds] ©(9)

0 0 t+1

Denoting the term proportional to g by L(X.(t)T),
applying perturbation theory with respect to g (the
necessary criterion for this will be found in what
follows), and averaging Eq. (9) over the coordinates
of the medium, we find

Xo(t +7)> — <Xo(t) > = <L(X+(t),t>

i 4y
—4p2Re | an § dt2<exp[ i Aau(s)ds]> (Xo ().
0 0 t+t,
(10)
The possibility of a separate averaging on the
right-hand side of (10) is justified only under the
condition (see in this connection' 5])

dium so that we can neglect the influence of the
system on the dynamics of the motion of the me-
dium.

Under the condition y/w < 1 and for a Gaussian
distribution of q (a random interaction in a liquid
or phonons in solids, the dispersion of which we
neglect)

t+ts
M, 0)= <exp [i S

t4t,

Aazc(s)ds} >

A/
@+

=-exp|i \
O—t)2

Au(syds —g(¢,0) ], (12)

where

(p(t/, e) —

A 2 2> 2
—(L%)ﬂ[yt’ + 1 —coswt’cosH
®

+ e 7 (cos 6 — cos wt)],

V=1 —t, 0=0@+t+t), 0=0/0  (13)

We change variables, t; —ty; —t’ in (10):
CXog(t 1) > —<Xo(4)> = L(X=(8),7)>
T T

— 42 Re Sdt’ § LM (', 0)<Xo(£) >,

0 24

0= w(2t+ 2t —1). (14)

If we now consider the expansion

M, 0)= Ao(t')+ X A, (')€",

n=1

(15)

we see easily that its contribution from terms with
n # 0 to the integral in (14) is less than the contri-
bution from A,(t’) at least by a factor 1/7wn. Us-
ing the conditions imposed earlier upon 7 and 7y
we can restrict ourselves in (15) to the first term
and we obtain the result

(X (4 1) > — <Ko (t) > = <L(X(t),7)>

T 1
48

2
—ZZRe § (v —wyar§ aom 7, 0)<Xo(2) .

T 0 0

(16)
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If now

(A(_Z%)Z <Z°2>z02yr> 1
(O]
we can drop, even for the smallest values of x,
which are important for the transition, t’ in the
difference 7 —t’ and extend the integral over t’ to
infinity. If 87 > 1 we can also drop in (16) the
term of first order in 8 as its ratio to the second
order term is 1/87.
Thus

(Xo(t + 1) —<Xo(t)> = —WKXo(t) ), (17)

where

2 - n
W=4—‘3Re8 dr { dom(r,90).
- .
0

0

(18)

If Wr <1 we can rewrite Eq. (17) as a differ-
ential equation:

%<X0(t)>= — W<Xo(t)>.

(19)

To find the observed transition velocity and
elucidate the final conditions for the applicability
of a possible result we must average W over the
equilibrium distribution of x;, corresponding to the
motion along the average trajectory

The result of this averaging has the form

o~ 2 [ n
W= -—Zﬁﬁ—Be S dt’ S dO[1 4 2qo(t’, 0) ]2 exp [IAEL
n 0 0
—@(#,0)]. (21)
Here
0(t',0) = (¢, 0) |x'=c,
(AA)2<z®> | of )
D(t',0) =2-——————sin2——cos?—. 29
(#,0) 1 2057 0) sin® —-cos* (22)
We shall now consider the physically most
natural case
072(Aa)%(go® {z® < 1. (23)

As the interaction of the system with the medium
is usually relatively weak, (23) is satisfied at all
temperatures. Under experimental conditions the
following inequalities (in the usual units) are prac-
tically always also satisfied:

(24)

AE>fo, kT /ho>>1.
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In that case

2
r ﬁ e—EdJkT

W=m—
" A’ 4 T2RAE '

(25)

where
Eo(Aa)2<ge2>y

[=2202%70

h2m3 !

(AE)*
2P

Eo == (,02,

AE AE
_8E_p(4E)
A o ( hw
and E(a) is the integral part of a.
As AE = Fx, Eq. (25) can be changed to

(26)

W=2 WoPe—EirT, (27)
2n

Here W, is probability for a transition near x

which was evaluated by Landau and Zener, while

the physical meaning of the quantity

1 T
= Tt A2 + T2 (28)
becomes clear, if we write
1¢. ~ ~ r ~
D= _—\d(0o—m)=
—\s(@—ay) G e T (29)

Here @; and &, are the frequencies, in units of

w of the levels approaching the point X in the first
and the second state. Because of the equivalence of
the levels in u; and u; we have &y — @, = A,

When using perturbation theory to evaluate the
transition probability the semiclassical wave func-
tion of one of the states occurring in the expression
for the transition probability is simply a constant
while the function of the other state which is linear
in § depends on Au, and the level of the first
state is therefore not broadened while that of the
second state has a width I" ~ (Aoz)2 (see the fig-
ure). The probability that the packets correspond-
ing to the levels of the two states which we are
considering and which are approaching one another
and the point x overlap, which we need as well as
W, to find W, must thus, indeed, have the form (29).

If in one of the terms the motion were free, we
must integrate this probability over A over the in-
terval —1/2, 1/2, which would give

;2 41
P’ = "tan o
and as I' =0 Eq. (27) would go over exactly into
the Landau-Zener relation.

The region of applicability of (19) and simul-

taneously the condition that one can use perturba-
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tion theory, and thus the condition on W, has the
form
®
v, To, p=>—W,P. (30)
2
The range of temperatures for which (27) is cor-
rect is limited by conditions (23) and (24), and the

factor multiplying the exponential in (27) satisfies
by virtue of (30) the natural inequality

WoP << 1.

When the problem is stated as a stationary one, a
relation of this type which has a clear physical
meaning could not be obtained.

The region which we have found where our re-
sult is applicable does not impose strict limita-
tions upon the relative magnitude of I' and A, so
that W may contain maxima as function of T, E,,
and vy, which can be observed experimentally.
Such a dependence on E; is obtained in experi-
ments which give simultaneously the depths of
traps and the electron capture cross-section (see,
for instance, [6]) and in a number of predissocia-
tion processes which restrict the thermal decom-
position of ionic crystals.

In conclusion we must note that when there is
no statistical damping in the medium and when
there is only a dynamical decrease of the corre-

lations of the q(t) at different times, we cannot
evaluate W by the method given here, but, as was
shown by Osherov! " (x(t)x(0)) decreases all the
same exponentially because of the reaction of the
medium on the system and the corresponding W
has a meaning although the line shape for the tran-
sition near the point of the quasi-intersection of
the terms is not Lorentzian, as it was in (28).
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