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ON USING SAW IN STUDYING
NEAR-SURFACE VIBRONIC DEFECTSV.»

KAPELEWSKI, J.3), Warsaw

means for using SAW as a probe in investigating various physical characteristics of
near-surface microscopic entities such as adsorbates, impurities and other defects
including the very wide domain of tunnelling phenomena.

In the present baper some ingredients of this problem will be briefly highligted
for the case of vibronic centres. This kind of centres is from many aspects very

of mechanical and electrical material parameters of near-surface dielectric layers.

Provided the layer is sufficiently thick, it can be regarded as an effective substrate -

for SAW (We have treated these problems elsewhere [1,2].).
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and secondly, the real structure in that region can hardly be considered ideal and
the existing field are much less uniform.

Such a situation being responsible for an unequivalence of potential energy
minima and thus, for a remarkable increase in their height, creates a condition
conducing to the static J — T' regime at the cost of the dynamic one. In effect the
corresponding critical temperature in which the first regime can exist should be

‘ essentially higher here.

For brevity, we confine our attention to the E — B case, in which the doubly
degenerate localized electrons of the E symetry are coupled T&mmvmmowzwv with
the B; or B3 mode of vibration of the cluster surrounding the centre.

II. VIBRONIC BEHAVIOUR IN THE PRESEN CE OF SAW

To be concrete let us consider the cluster as composed of the nearest oxygen
ions surrounding the near-surface normal centre located at the site of Ti ions
of a BaTiO3 type structure (see Fig. 1). The calculation will be performed for
symetry-adapted o,oBEnw_..moum corresponding to the irreducible representations of
that point symetry group irrespective of the location of the cluster with vnoﬁnwmnn
to the surface plane. Provided that the near-surface relaxation responsible for the
decrease of the local symmetry (O — Dyp) is taken into account, it makes the
description to be, in some sense, uniform.
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Fig. 1. The basic cluster in consideration: e ‘litanium ion; o Oxygen lons;
, X Cadmium ions (projection).

erations.
The distortion of the remaining (plane) part of the oxygen cluster under con-
sideration is described by 12 components of displacements ta(p) (n=1,2, 3,4).
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Calculating the characters for particular classes by means of the general formula
3(R) = ngr(1 +2cos ¢) (1)

with ng denoting the number of sites fixed upon the group rotation of the angle
¢, one obtains by means of the relation

3(R) =Y " npsp(R) 2)
T

the distribution with respect to the symmetrized components of the u, (y) set. It
results in: ‘

G =24, + A2+ 2B, + 2B, +3E, (3)

The symmetry-adapted combinations of displacements components can be de-
termined from the relation:

Qoo = AZTS, (R)R = Ba(I*4*;4)Q, O

with R - being the respective rotation matrix, A4 - the normalizing coefficient, the -

index k is to label various basis functions of the Same representation (as generated
from u* vectors). Parameters in (4) have the meaning of the Van Vleck coefficients
with Q, denoting the respective normal mode.

When the cluster in noammowwaou is situated at the surface plane, the propa-
gating SAW has the following Symmetry - adapted amplitudes:

a(A},q) = Re Tne?,v sin Am?v + ies(§) sin AW?VW .
*(4%,0) = Re {ex(d) [cos (24.) + con (39)]}
n?»w. q) = Re A..QHQV sin Am@v —iey(§)sin AM?VW

o510 = Re (e o (20) — o (20) ) ®
“(Bt.0) = Re {~ies @)sin (24.) + ey (3)sin (50)}
4(B3,9) = Re {iez(g)sin (24,) + iey (1) sin (5%)}-
The linear vibronijc part of the adiabatic Potential is then given by
3 Voo Qroyr = €4, 9 +€p,0, + g0, (6)

Dyyk

162

where o; and S are the Paulj and the unit second order matrices, respectively.
It results in the contribution to the energy respectively of the form

SEX =¢, + Vb, +ed, (7)

with

€4, = WatQuy + Wya Qo
€8, = Wp1Qp; + Wp3Qps (8)
€8, = WpiQp;, . v

where Wre,x can be viewed as phenomenological coefficients describing the re-
spective components of the vibronic coupling. As it is seen from Eq. (7) the linear
dependence 8E(Q), for which the static J ahn-Teller regime takes place, is condi-
tioned by either €, Or £p, vanishing. In the statical case it can be satisfied if the
respective Wru.,x coefficients vanish.

The condition for the static J-T regime is less stringent, however, if the cluster
vibrations are stimulated by a propagating elastic wave. Indeed, inserting (5) into
(8), to linear terms in ¢i, we obtain

R ) R,
qz meﬁmv ot
and (9)
&y _ ey(9) for eg, =0.
/27 GHAQV ?

These conditions are of such a particularly simple form only. for the 2D cluster
under consideration. It can easily be seen that if the cluster is extended by including
succesive coordination spheres, then the dependence of Wreqx on the right-hand
side of Eg. (9) will appear.

IIT. THE VIBRONIC - ORIGINATED SAW ATTENUATION

For vibronic centres the tunnelling between equivalent distorted configurations
corresponds to the dynamic Jahn-Teller regime and can be measured by the value
of the corresponding “inversion” or “tunnelling” splitting. This splitting concerns
each of the sublevels resulting from the vibronic (Jahn-Teller) removing of the or-
bital degeneration. It provides a basic mechanisms for a resonance-type scattering
of elastic waves on vibronic centres.
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of surface charge (usually also randomly distirbuted) and external W@Em. A con-
Sequence of such a situation is that the potential distribution becomes eventually
asymmetric and the barriers between various minima are, generally, enhanced. [t
in Q.E.F ._mmmm to a considerable reduction of the tunnelling splitting ﬁ“u the <m_=m. mOM
which .m:.onﬂ Tesonance processes, especially for high frequency SAW, are possible
thus &giving an additiona] contribution to the attenuation. . .

The attenuation rate can be cal
: culated with the hel of th tem 2- i
according to the formula ’ " sem fmainix

.l 'M . - 4
q.ﬁllrc nznw_.ﬁ Imt(wg + ie)gj, ;. (10)

In n._:: the linear terms in the adiabatic potential provide a contribution to the
lattice self energy of the form

MU .ACAE. T)= —27c(q’ ~ g) MU &.JH{Alnv%;{.ﬂ.kn\y

97.9'3" Dy,I*y! o =dpor
X (fo(T) ~ fr(TY) (11)
[3], with fr denoting the thermal occupation of the subleve] L, |
oa,m) = £ 5ot myeie
, 7 ,n)e (12)
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being the 2D Fourier transform of the number describing the (I, n) cells occupation

by the J — T centre.

The Jry rwy are the symmetrized vibronic coupling coefficients, representing
vr+ in a projection to symmetry-adapted phonon polarization vectors.
- In the case considered they can be represented as

98, (@) = 18,y a(Byay;a) (13)

where the coefficient 5p is proportional to the coupling strength vp. For uniform
distributions of the centres it leads to the formula .

’ _%m_ 2 Alﬁv_u A
M (w,7) = —27¢ mpu vl A nr.wlmu (14)

e7.q'5’

with 2A denoting the tunnelling splitting. ,

The other important contributions to § K can be proveded as discussed in [1], by
piezoelastic coupling, by the temperature dependent influence from other centres
of the kind existing in the lattice (4] or by other mechanisms depending on the
concrete physical situation.

Adding these contributions we obtain

D=2 D =ct(e,d), (15)

where (g7, g'j') stands for the effective ¢ - matrix for the system of uniformly dis-
tributed J-T centres. The formulas (10-15) indicate a way in which the attenuation

rate can be calculated. .
A more detailed treatment of the SAW attenuation should take into account

a contribution from the surface corrugation which requires including to ‘the de-
scription also normal derivatives of the wave functions of the tunnelling states [5].
The effect of this particularly essential for a higher frequency of the SAW and
shoulf then be treated simultaneously with the contribution associated with other
material nonhomogeneities, which are typical for the topmost layer.

IV. SOME RELATED PHENOMEN A

Qualitatively similar properties are exhibited by some amorphous materials. It
has been proved [5] that observed anomalies in acoustic phonons behaviour can be
explained within a model with two equilibrium positions in an asymmetric double-
well potential broadly distributed in their value. Transitions between the wells are
then responsible for the resonance attenuation of the acoustic wave. In [5] this sort
of attenuation for the case of SAW propagating beneath the amorphic thin film was
investigated in detail. The treatment based on the deformation potential model
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monwbmwaw off-center minima in the cation potential energy occur. The off-center
Cu®* population is a function of both the temperature and the Pressure via-the
E.WE% anharmonijc difference between the off-center and central well potentia]
minima. The tunnelling corresponds here to transitions between particular off.
centre positions [6]. .

..Hrw_._ sort of phenomena is typical for paraelectric and Paraelastic problems in
solids. The characteristic example is the KC1 : Li+ case, where the impurity Li+
assumes one of several off centre equivalent positions between which a tunel move
1s possible [7].

written

_ Eaa
"= 5[ Erees0 operse)+ [ Eprpreant) (16)

where C is the elastic tensor and P - the corresponding force tensor of the second’

degree. It leads to mechanica] boundary conditions of the form

Q?«.;m.xg + P = : AH.NV .

with 2 being the direction normal to the surface plane, and nosm,ap:o_;_w to the
near-surface static deformation

€ap = SapssPs,, (18)

where § = & represents the stiffnesg tensor of the medium,

. Note that when the effective-mass approximation is applicable, the role of the
%.vo_m. tensor P4 as applied to J ahn-Teller defects is played by the vibronic con-
tribution to the stress tensor, which can be represented as fors

ap = ) D2F,, 1(r)bur(r) (19)

nn’
with ¢, being the envelope wave function of the localized defect state n.
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