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Quantum subbarrier diffusion of atoms in a crystal under conditions when the decisive role is played by
the coherent “preparation” of the barriers as a result of the quantum fluctuations of the ambient medium is
considered. It is shown that in this case the coherent-tunneling amplitude and the coherent-diffusion
coefficient may, in sharp contrast to their usual behavior, increase with increasing temperature. In the
general case the actual temperature dependence is the result of the competition between the fluctuational
barrier preparation effect and the polaron effect. It is found that the investigated mechanism is also
important for incoherent diffusion, which, as is demonstrated, predominates at high temperatures, even in

the absence of the polaron effect.

PACS numbers: 66.30.Dn

1. INTRODUCTION

A distinctive feature of the quantum subbarrier dif-
fusion of atomic particles in a crystal is the extreme
narrowness of their band, even in the absence of the
polaron effect. This is primarily connected with the
extreme smallness of their tunneling amplitude because
of the large diffusing-particle mass. The vibrations of
the lattice lead, at low temperatures (7T), to intraband
scattering, " or, in a wide T range, to the appearance
of the phenomenon of “dynamical band destruction, ’t?3
which gives rise to a sharp decrease of coherent dif-
fusion with increasing 7 in that region of relatively low
T where coherent diffusion predominates. The
presence of an appreciably strong polaron effect ag-
gravates the situation, leading to a sharp band narrow-
ing that intensifies with increasing T.

In this connection, for the diffusing atomic particles
there may become important at low 7, at which the
over-the-barrier motion is certainly inhibited, a
phenomenon that may be called coherent barriev “prep-
aration.” We are here talking about the quantum
fluctuations of the atomic configuration surrounding the
particle, fluctuations which may lead to abrupt lowering
of the potential barriers for the particle. The probabil-
ity amplitude for such a fluctuation does not, naturally,
depend on the mass of the diffusing particle. There-
fore, the heavier the diffusing particle, or, generally,
the smaller the tunneling amplitude, is, the more im-
portant can be such a fluctuational, coherent, low-
barrier preparation. It is important to emphasize that
we are here talking about a coherent mechanism, when
the state of the lattice (i.e., of the matrix) remains
unchanged and the correlation between the tunneling and
the fluctuations of the ambient medium is realized on
the level of the wave function of the system, with the
preservation, naturally, of the coherent (in the limiting
case, band) transfer mechanism. The barrier altera-
tion resulting from such fluctuations can significantly
affect the magnitude of the incoherent subbarrier dif-
fusion accompanying the change in the vibrational state
of the crystal.

If the fluctuational preparation of the barriers is im-
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portant, then the nature of the T dependence of the band
width, i.e., of the coherent-tunneling amplitude A,
changes (naturally, the quantity A(7'=0) also changes in
comparison with its value in a rigid lattice). Indeed,
the fluctuations grow with increasing 7, and this leads,
as a result, to the growth of the coherent width 4, in
contrast to the polaron-effect induced decrease of A
with increasing 7. The actual temperature dependence
of A(T) will be determined by the relation between the
two effects.

An a priori judgment about the character of the tem-
perature dependence of A can be made in the case of
isotopic diffusion. The obvious smallness of the polaron
effect in this case may cause the fluctuational barrier
preparation effect to play the dominant role and, con-
sequently, make A increase with increasing 7. Evi-
dently, an example of this kind of system is the iso-
topic mixture He®~He*. The exchange character of the
diffusion (the elementary act of interchange of two atoms
at neighboring sites), the relatively large mass of the
atoms, the low Debye frequency, all this compels us to
think that quantum diffusion in this case should be ac-
complished not through barriers determined by the
normal disposition of the surrounding atoms, but
through fluctuationally lowered barriers. It should be
pointed out here that the growth of A(7T) and, conse-
quently, of the diffusion coefficient in the case when the
scattering of the diffusing particles by each other pre-
dominates!?? can provide another mechanism for the
exponentially increasing (with increasing T) diffusion
along with the vacancy mechanism usually adopted for
the explanation of the exponential growth of the dif-
fusion coefficient with 7t*% (see also'®’). Notice that,
in general, in molecular crystals with a weak van der
Waals interaction the fluctuational barrier preparation
mechanism will evidently play an important role in the
coherent diffusion of the atoms at low T.

The possibility of an effect of the atomic-configuration
fluctuations on the potential barrier for a diffusing
particle was first pointed out by Flynn and Stoneham. t
They considered purely incoherent diffusion, adopting
the simplest model in which the tunneling amplitude was

]
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equal to zero when the displacements of some closest
atoms were less than a certain value and equal to a con-
stant finite value otherwise.

In our earlier'® investigation of coherent transfer, we
considered virtually the opposite case when the poten-
tial relief (barriers) changes relatively little when the
configuration of the surrounding atoms changes, or,
which is the same thing, when it is necessary to effect
a drastic change in the atomic configuration in order
to change the tunneling amplitude appreciably. It is,
however, easy to see that all the results (in‘?’) per-
taining to coherent diffusion are perfectly general in
nature, it being only necessary to insert in all the final
expressions for the coherent-diffusion coefficient the
correctly determined coherent width A(T).

2. COHERENT TUNNELING

Let us consider the role of fluctuational barrier
preparation in coherent subbarrier transfer, using as
an example the diffusion of atoms in an interstice
lattice formed in a regular crystal, i.e., let us con-
sider the same case analyzed in‘?’. From all appear-
ances the results obtained below have a general char-
acter, and the qualitative picture will be preserved in
any conceivable case of coherent diffusion of atoms in
a crystal.

Let the temperature be sufficiently low, so that the
transfer is accomplished only at the lowest level in
the individual potential wells formed by the atoms of
the matrix, and let the phonon-induced incoherent dif-
fusion be negligible. Then coherent transfer during
scattering of the particles by phonons, by impurities,
or by each other can be uniquely determined in terms
of the interstitial-transition amplitude which is diag-
onal with respect to the quantum numbers of the lat-
tice.'®? Inthe limiting case of weak scattering the
corresponding coherent width A is determined up to a
constant coinciding with the width of the resulting band
by the expression

(2.1)
(2.2)

A=A(g)= [ ([@R)OF (B (R)0.* (R),
J(B) = [ &y (e, RVH, (1, R)2** (5, R).

Here x! and x!*® are the particle wave functions in the
two neighboring wells (i.e., at the “sites”) 1l and l+g

in the absence of tunneling; H,(r, R) is the difference
between the true particle-crystal interaction Hamilto-
nian and the Hamiltonian describing the locally pre-
ferred well (1) for a fixed configuration of the crystal
atoms, which is conditionally denoted here by the single
letter R (here and below we omit the level index); @}
and <I>},"‘ are the wave functions of the vibrational motion
of the crystal, when the diffusing particle is respec-
tively at the sites 1 and 1+g, and now, owing to the
polaron effect, the atoms of the matrix vibrate near the
new equilibrium positions R‘¥ and R™*®,

The explicit structure of the expressions (2.2) and
(2.1) corresponds to the adiabatic picture, which is
appropriate for light-particle diffusion in a “heavy”
matrix (for details, see'?’). It should, however, be
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noted that an expression of the form (2.1) is apparently
preserved also in the case when the two masses are of
the same order of magnitude, since the act of particle

motion under a high barrier is itself a fast process.

Let us use the fact that the determination of the diag-
onal matrix element with respect to the state of the
macroscopic system is equivalent to thermodynamic
averaging with the corresponding density matrix. By
considering the vibrations of the atoms of the matrix
near the new equilibrium positions in the framework of
the harmonic problem, and going over to a system of
independent real normal coordinates ug, we can use the
well-known Slater formula (see, for example, %)

2 o (v) @, (R~ R @, (R — R®)

ia 1
=H(§_;) e"P{—TZE»(“s—m‘)‘—@}; (2.3)
4 3
M
0i=10 =T Zﬂl (we®) 2wp°Es ™", (Z 4)
where

= @45, = -,

(2.5)

E:=2Mw; th(w,/2T), h=1.

Here @$" is the displacement of the center of the normal
oscillator when the diffusing particle is localized in the
1-th well (because of the translational symmetry, we
take 1=0), while the factor exp(- ®*) figuring in the ex-
pression (2.3) is the usual polaron exponential function
corresponding to the diagonal (with respect to the
phonons) transition.

Let us introduce the variables

(2.6)

gr=us—1s%

Then the expression for the coherent width (2.1) can be
rewritten in the form

a=e[] (2£)" ] o exe] -5 ¥ 1 g4,
B

B

(2.7)

where g conditionally denotes the set of all the g5, and,
for simplicity of notation, the index g has been dropped.

If the resonance integral J varies slowly during the
thermal migration of the surrounding atoms, then we
have the case when the fluctuational alteration of the
barrier is unimportant for coherent tunneling. The
temperature dependence of A is then virtually entirely
determined by the behavior of the polaron exponential
function. This corresponds precisely to the case
considered inf?), In the general case, however, the
resonance integral can be very sensitive to the con-
figuration of the surrounding atoms, especially if we
bear in mind the scale of the exponential smallness of
J for subbarrier penetration by the atomic particles.
The ¢ dependence of J then becomes important: The
tunneling begins to effectively correlate with the fluc-
tuations of the ambient medium. In other words,
coherent barrier preparation becomes important.
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Let us write the expression for J in the form

J(g+n) = exp[—-B(g+n) ] (2.8)
In the problem under consideration
B>1. (2.9)

Only the displacement of a definite small group of
atoms can naturally lead (at fixed g) to a sharp decrease
in B. If for this distinct group the variation of B with
the displacement is so rapid that the dominant contribu-
tion to the integral (2.7) is made by the region in which
the displacements significantly exceed the thermal dis-
placements, then we arrive at a typical “steepest-
descent” situation with some extremal fluctuation (q*)
in the disposition of the atoms.

Let us restrict ourselves to the consideration of that
model for the crystal in the framework of which this
extremal configuration is virtually determined by the
values of a few normal coordinates ¢§. (For example,
this could be the Einstein model of independent oscilla-
tions of the atoms of the matrix.) As to the remaining
variables, we shall, in contrast, assume a relatively
slow variation of B with the g5, and expand this quantity
in a series near ¢g=0:

B=B(n,¢'+n) +) Bugst ..., (2.10)

B

where B;=9B/dq; (the prime on the summation sign in-
dicates that we do not sum over the “steepest-descent”
variables).

We restrict ourselves in (2. 9) to the linear terms,
assuming that, on account of (2.9),

EB,H]7> Z Bunas”
5 B

and that allowance for the higher terms of the expansion
will only lead to a correction in the preexponential
factor. The extremum with respect to the variables ¢}
is found from the relation
8B (v, g'+n') /g, + &g’ =O0. (2.11)
Determining from this relation the corresponding values
of q’{, expanding B, 7 +¢') in a power series in ¢} - gy,
and retaining in this expansion the terms quadratic in
this difference, we find from (2.7) and (2. 8) that
(2.12)

A=I(n)F(T)e=®, F(T)~Aexp(AB'—q(T)+%(T)}.

Here we have introduced the notation

AB'=B(n)-B(n, ¢"+n"); (2.13)
(2.14)

J(n)=Re~"™, B(n)=B(n, v'),

o)=Y 8o w(D)=":Y) B w
?

A

(All the asterisked quantities are determined at the
“steepest-descent” values of ¢y.) The form of the pre-
exponential function A, which is not important for the
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subsequent analysis, can be found directly without dif-
ficulty.

Notice that the steepest-descent situation presupposes
the validity of the inequalities £,¢¥2>1 and, simulta-
neously,

AB'—¢(T)>1. (2.15)
The expressions (2.12)-(2. 14) allow us to elucidate in
the general case the nature of the temperature depen-
dence of the coherent width A and, at the same time,

that of the coefficient of coherent diffusion for a fixed
scattering mechanism.

Let the polaron effect be weak. Then it follows im-
mediately from (2.12)-(2. 14) and (2. 4) that the coherent
width monotonically increases with increasing tempera-
fure. (Some variation of ¢} with temperature, which
follows from (2.11), does not change this assertion. )

In those cases when the fluctuational preparation of
the barrier plays an important role, the term AB* can
partially cancel out the initial barrier exponential func-
tion B(n). There then arises a strong temperature de-
pendence, determined by the probability for such a
fluction, and described by the function ¢(7T). As T in-
creases, this function quite rapidly reaches its clas-
sical (7> w,/2) limit:

M
61 ~¢a () =32 Y ovas E% 2.16)

giving a pure-activation growth of A with temperature
that, generally speaking, is not quite characteristic of
coherent diffusion.

If the controlling factor turns out to be the alteration
of the barrier due to the usual small oscillations of the
atoms of the matrix near their equilibrium values, then
the temperature dependence of A turns out to be dif-
ferent, which is easy to infer from the classical limit
for the function x(7):

I
(D) e (1) = 50 3 Bi*os™, (2.17)

The polaron effect leads by itself to the decrease of the
coherent width with increasing temperature (see (2. 4)).
In the general case the actual temperature dependence
arises as a result of the competition between the two
factors, and A can increase or decrease with increasing
T. Evidently, we should meet with both situations in the
case of coherent diffusion of interstitial atoms (for ex-
ample, of hydrogen isotopes) in a crystal. The heavier
the diffusing atoms are, the larger B is and the more
serious the role of the fluctuational lowering of the
barrier turns out to be, which always leads, in the long
run, to the growth of the coherent tunneling with 7. If
the diffusing atoms are located at the lattice sites and
an elementary act of tunneling has an exchange char-
acter, then the polaron effect is much weaker, espe-
cially in the isotopic case, and the temperature depen-
dence of A should virtually always be determined by the
fluctuational preparation of the barrier. (The nature of
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the dependence A(T) in this case will be close to that of
(2.12)-(2.13).) Then (see (2.12)-(2.17)) the softer the
phonon spectrum of the matrix is, the more vividly
expressed the barrier preparation effect will be. Evi-
dently, the diffusion of a helium isotope in the matrix
of another isotope pertains to a case of this sort.

Notice that the polaron effect and the fluctuational
barrier lowering are, in the general case, dictated by
the displacements of different groups of the surround-
ing atoms. This is connected with the fact that, in ac-
cordance with (2.4)-(2.5), the contribution to the
polaron effect is made by only those static displace-
ments that turn out to be different when finding the dif-
fusing particle in two neighboring wells.

3. INCOHERENT TUNNELING

Clearly, the fluctuations of the barrier will, in the
general case, also play an important role in the inco-
herent tunneling of particles which is accompanied by an
alteration of the phonon system of the crystal. We shall
consider this problem, limiting ourselves first to the
case when the fluctuations of the matrix atoms within
the limits of their thermal displacements constitute the
controlling factor. Here we shall assume the validity
of the expansion (2.10) not just for the variables indi-
cated there, but for all the variables.

The off-diagonal—with respect to the phonons—
matrix element for the transition from one well to a
neighboring well is determined by an expression of the
type (2.4) if we replace v by v’ (+ v) in one of the wave
functions of the crystal. Using the representation de-
fined by (2.8), (2.10), and (2.5), we directly have that

Aw=I(n) (AA\)‘.\.-, A= H exp {iwy*ps+Bygs} . (3.1)
[

where Z’e is the momentum operator for the S-th normal
mode. Upon the neglect of the dependence of the bar-
rier on the vibrations of the atoms of the matrix (i.e.,
for Bg=0), the generalized displacement operator A as-
sumes the usual meaning corresponding to the pure
polaron effect (see'?!),

The incoherent-transition probability
W=2aJ* (1) Zp;:’ ) | A8 (E,—E,) (3.2)

v

can be found with the aid of a procedure similar to the
one used in the theory of polarons of small radius (see,
for example, %)), The corresponding computations
lead directly to the following result:

W=7 (n)expl—20+2y] [ dt{expl: (1) +its ()11}, (3.3)
where
_ cos wpl Moz (w#)? By
w1 = ; sh (ws/27) { 2 - Mo, }
(3.4)

sin w;t

L3 t) = Zm 0#B;.

3
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As T- 0, the two functions ¥,,,(f) tend to zero, so
that, as before, at sufficiently low temperatures the in-
coherent diffusion is negligible compared to the co-
herent diffusion (cf.'®"). At temperatures at which the
inequality ¥,(0) >1 is valid, only the region of small ¢
is important in the integral (3.3). We can then set
cosy,(t)=1 and use the method of steepest descent to
evaluate the integral. Then for the classical region T
>wp/2 we directly have:

WaT2(n) [a/4T (E+7) 1 exp {(—&/T+LT), (3.5)

where

g_M %) 2047 _2 B2 1 _ By’
—?Z(wn 3, C—MZ pu),;“' Y_ZJSM.

The incoherent-transition probability increases with
temperature, owing both to the polaron effect (with an
activation energy &) and to the fluctuational alteration
of the barrier, although the temperature dependence
itself is different in the two cases. (The interference
between the two effects is negligibly small in the region
of high 7, although at low T < w, its contribution can
be appreciable.) It is interesting to note that the fluc-
tuational preparation of the barrier thus leads to the
growth of both the coherent and the incoherent tunneling.
1t follows from (3.5), (3.6), and (2.17) that the exponent
¢T in the incoherent-transition probability is two times
greater than the corresponding exponent 2y for the
square of the coherent amplitude, so that at sufficiently
high temperatures the incoherent diffusion predominates
over the coherent diffusion also in the absence of the
polaron effect.

(3.6)

Let us now consider the steepest-descent situation.
The off-diagonal (in the phonon numbers) matrix ele-
ment for the transition from one well into another is
then determined by the expression (3.1) if in place of
A we introduce the operator

A=AV, 3.7
where

A= exp{;;z ﬁx'wa}exp{AB(n,q’+n’))exp{ —%Efu’w,} (3.8)

is an operator that acts only on the steepest-descent
variables. The expression (3. 2) for the incoherent-
transition probability can then be represented in the
form

W =7(n) fdt{sp(a,if’/i(t)& (0))— Zp;? ) |[\W|l} (3.9)

—

(A(¢#) is an operator in the Heisenberg representation).

If the excitation of phonons during the transition is
connected primarily with the non-steepest-descent
variables, then for W we easily find

WaWA?exp {20B°—2¢(T)}, (3.10)

where W coincides with (3.3)-(3.6) (the sums over B
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FIG. 1.

pertain in this case only to the non-steepest-descent
variables) and the remaining quantities are defined in
"accordance with (2.12)-(2.14). In particular, in the
classical temperature region the probability W will, in
comparison with (3.5), contain the additional activation
factor e29/T, with Q defined in accordance with (2. 16).
At such T the expression (3.10) virtually generalizes
the result obtained in'”™ by Flynn and Stoneham, who
first considered the question of the influence of the
vibrational fluctuation of a lattice on incoherent diffu-
sion for the simple model to which correspond J =0 for
¢’ <q* and a finite J=J, for ¢’ >¢*.

In the general case the off-diagonal (in the phonon
numbers) transitions for the normal modes responsible
for the steepest-descent situation itself may turn out to
be important in (3.9). Inthis case, however, allow-
ance for the off-diagonal elements of the operator 7\.,
(3.8), in the expression (3. 9) requires knowledge of the
explicit form of AB. But the unwieldy formulas for this
quantity, which are obtainable in their general form,
possess little physical transparency, and we shall not
give them here.

Thus, the critical dependence of the barrier on the
displacement of the surrounding atoms gives rise by
itself to a significant growth of the incoherent diffusion
with temperature. In the case of a weak polaron effect,
it can determine the actual temperature dependence.
Allowance for the off-diagonal transitons with respect
with to the steepest-descent variables only reinforces
the dependence predicted by the expression (3.10), its
character remaining virtually the same.

4, DISCUSSION OF THE RESULTS

In accordance with results of our previous paper, Lz
the expression for the coherent-diffusion coefficient
has the following form (for a matrix of cubic symmetry,
z being the number of nearest neighbors):

]

D on(T)='/32a°A* (T)/Q(T), (4.1)
where Q is the rate of damping of the off-diagonal
density matrix elements as a result of the dynamical
band destruction'®3! or the scattering of the diffusing
particles by each other or by defects.® Similarly, for
the incoherent, i.e., phonon-stimulated diffusion we
have
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Dincon(T) =/s2a*W (T). (4.2)

The general expressions obtained above for 4,
(2.12)=(2.17), and W(7), (3.3)-(3.10), allow us to
analyze the general qualitative picture of the behavior
of the diffusion coefficient. Let us begin with the region
of low 7, when the incoherent diffusion is negligible
compared to the coherent diffusion. As T-0, the co-
herent width 4, (2.12), tends to a constant limit A(0),
which, in the general case, is sensitive to the zero-
point vibrations of the matrix. It is worth noting that
in many cases the penetration of the barrier between
two equivalent wells at 7 =0 will itself also be deter-
mined to a decisive degree by the fluctuational prepara-
tion of the barrier as a result of the zero-point vibra-
tions of the matrix.

The diffusion coefficient also assumes, as 7= 0, a
constant value determined by the static scattering of
the particles by the defects of the crystal or by each
other. At higher T the behavior of the diffusion coef-
ficient will depend to a considerable degree on the rela-
tion between the polaron and barrier-preparation ef-
fects. If the polaron effect predominates, then D ,(7T)
monotonically decreases with increasing 7, as shown
in Fig. 1, the decrease being first according to a
power law (2 T°) and then according to an exponential
law determined by the polaron exponent 2®(7) (see
(2.12) and (2.4)). If, on the other hand, the decisive
role is played by the fluctuational alteration of the
barrier, then the initial decrease of D,(7) as a result
of the dynamical destruction of the band is replaced by
its increase, which rapidly becomes exponential, and
the temperature dependence will have the form of the
curve 1 in Fig. 2. If the static-scattering rate is suf-
ficiently high, then the minimum may not appear, so
that D, (7T) will monotonically increase with T (see the
curve 2 in Fig. 2).

For T<wp in the case of a weak polaron effect, the
increase of A(T)/A(0) is determined by an exponential
function with an exponent, x(7) - ¢(T), that, in the case
when the acoustic phonons predominate, depends on T
as some power of the ratio 7/w,. (Taking into account
the fact that By~ f, B=f, o, where f is the wave vector
and ¢ is the number of the phonon branch, we can
easily infer that x(7) - x(0) ~ (T/wp)!. A similar depen-
dence arises for ¢(0) — ¢(7) if we assume that ¢¥ does
not depend on f.) At higher T the exponent of the in-
creasing exponential function, ¥(7) - ¢(7), assumes
quite rapidly with increasing T the classical value de-
termined by the relations (2.16) and (2.17), with dif-

T

Don(T)

FIG. 2.
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ferent temperature dependences for the two terms.
(Notice, for comparison, that the polaron parameter
(T) - $(0) in the case when the acoustic phonons
predominate depends on T at low T also like (T/wp)?,
while at T>w, we have ®(T) - ®(0)x T.)

The fluctuational barrier lowering effect should play
a very important role in subbarrier diffusion of atomic
particles whose mass is large compared to the electron
mass. The exponential dependence of the tunneling
amplitude on the particle mass » for a fixed barrier
and the virtual nondependence on m of the polaron ex-
ponent of the exponential function clearly lead to a
situation in which the fluctuations of the barrier play a
more and more decisive role as the mass of the dif-
fusing particle increases. The effect can become so
strong that it virtually amounts to a coherent prepara-
tion of a “hole” in the atomic configuration, especially
for heavy particles or for “soft” lattices with an ap-
preciable zero-point vibration amplitude. We empha-
size the coherent nature of the “hole” (or barrier )
preparation, bearing in mind its virtual character and
the return of the lattice to the normal (with respect to
the phonon number) state. Here we do not, naturally,
postulate the actual creation of a vacancy. In this
sense, the considered subbarrier-transfer mechanism
differs radically from the vacancy mechanism, which
has been widely discussed in connection with the prob-
lem of diffusion in quantum crystals (see, for exam-
ple, “”), although in both cases there arises an exponen-
tial growth of the coherent-diffusion coefficient with
increasing T (in the case of the vacancy mechanism this
growth is connected simply with the growth of the num-
ber of real vacancies). In the case of diffusion of He®
in He?, such a growth has been experimentally ob-
served®®! (see also'®Y),

As the temperature increases further, the incoherent

or phonon-stimulated diffusion mechanism begins to
play a greater and greater role, going over subse-
quently into the quasiclassical over-the-barrier diffu-
sion. Not dwelling on the picture that arises in the
fixed-potential-profile model and, in particular, on the
role, discussed in detail in'?, of the many-level nature
of the individual potential wells, we only note that, as
follows from Sec. 3, the fluctuations of the barrier can
sharply enhance the incoherent transfer mechanism. It
is significant that such a transfer mechanism becomes
predominant at sufficiently high 7 and in the total
absence of the polaron effect, leading to a change in the
exponential growth in comparison with D.,(T). The
qualitative picture of the dependence D(T) naturally
remains the same as shown in Fig. 2.
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A low-temperature phase transition in a two-dimensional Heisenberg model with weak anisotropy is
considered. The transition is associated with spontaneous breaking of the symmetry group O(2) of the
Hamiltonian. The scaling dimension of the spin operator and the correlation length of the spin fluctuations
that take the spin out of the easy-magnetization plane are calculated in the leading logarithmic

approximation.

PACS numbers: 75.10.Gj

1. INTRODUCTION

The question of the existence of a phase transition in
two-dimensional degenerate systems (the XY-model and
Heisenberg model) has been considered in the pa-
pers.!'=*] Berezinskii showed that a phase transition
exists in the XY-model, even though the spontaneous
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magnetic moment is equal to zero at all finite tempera-
tures, Arguments in favor of the existence of a phase
transition in the Heisenberg model were adduced in®?,
However, it was made clear in®®! that the screening of
the interaction which takes place in this case was not
taken into account in®!. The question of the existence
of a phase transition in the isotropic Heisenberg model
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