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Shear elastic surface waves and system symmetry
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The effect of the anisotropy of an elastic medium and a crystal on the properties of surface waves is consi-

dered. It leads to symmetry breaking of a semi-bounded space with respect to reflection. This fact affects the

possibility of the existence and properties of surface elastic shear waves. It is shown that, while maintaining the

crystallographic symmetry in crystals with the surface orientation (110), the anisotropy breaks the indicated

symmetry, but retains the possibility of propagation of surface waves with their strong modification. In the case

of an anisotropic half-space with a thin film coating, which allows the propagation of the Love waves in an iso-

tropic medium, anisotropy leads to the absence of such stationary waves.
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1. Introduction

Investigations of surface waves (SW), despite its more
than a century history since their theoretical prediction by
Rayleigh (see, for example, [1]), have not lost their relevance
until now.

This is due to the importance of such waves both from a
fundamental point of view and in connection with their
technological applications (in seismology, magnetically or-
dered systems, piezoelectric crystals, in nondestructive test-
ing methods, etc.). In the currently developing nanophysics,
the contribution of surface waves to the thermodynamic
characteristics (for example, heat capacity) of finely dis-
persed media is the main one at low temperatures [2]. In an
isotropic medium, in which two transverse sound velocities
coincide, the Rayleigh surface wave is two-component —
the displacement vector lies in the sagittal plane specified by
the normal to the surface and the direction of wave propaga-
tion. In anisotropic systems (in a crystal lattice), the surface
wave in the general case can also be three-component [3].
The conditions imposed on the symmetry of the lattice and
the direction of wave propagation were investigated in [4]
under which a three-component surface wave is split into a
two-component wave polarized in the sagittal plane (Ray-
leigh polarization) and a one-component wave polarized
perpendicular to the sagittal plane (SH wave). Such purely
shear waves in the long-wavelength limit penetrate deep
into the crystal much deeper than the Rayleigh-type waves
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and therefore much more strongly depend on the surface
properties [5]. The high sensitivity to the surface properties
makes it possible to use the surface SH waves as highly
sensitive sensors for measuring such physical characteristics
as, for example, the parameters of a superfluid helium film
or the atomic mass of an impurity surface layer [6]. In addi-
tion, these one-component waves are described by scalar
dynamic equations, which simplifies their theoretical study.
As noted earlier, in the case of a sufficiently symmetric ge-
ometry of the problem, pure shear surface waves are split off
from the waves of Rayleigh polarization. Therefore, when
studying such one-component surface waves, without loss
of generality, one can consider systems of reduced dimen-
sion (for example, two-dimensional), in which the propa-
gation of Rayleigh polarization waves is impossible. As
well as for the waves of Rayleigh polarization, it is possible
to consider the transition from “ordinary” SWs, in which the
decrease in the amplitude of oscillations with distance from
the surface occurs monotonically, to “generalized” SWs, in
which a decrease in the amplitude of the wave is accompa-
nied by its oscillations [7, 8].

In the case of an ideal surface, the existence of the Ray-
leigh SWs is due to the presence of two wave components
with polarizations in the sagittal plane. Moreover, in the
framework of the local and linear theory of elasticity, purely
shear surface waves are absent. Their existence in the case
of a continuous medium is possible only when the proper-
ties of the medium bulk differ from those of the surface
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Fig. 1. Two-dimensional square lattice with various ideal surface
orientations.

layer or when nonlocality (spatial dispersion) is taken into
account. The presence of a surface covering of an elastic
half-space leads to the appearance of purely shear so-called
the Love waves [9]. The situation can change when pass-
ing from a continuous elastic medium to a crystal lattice. It
was shown in [5, 10] that for a certain orientation of the
lattice axes with respect to the surface, pure shear SWs
become possible even in the case of an ideal surface. The
considered crystal orientation (110) is shown in Fig. 1(b).
Surface atoms are highlighted in the figure, but it was as-
sumed that in their properties (masses and energy of inter-
action with neighbors) they did not differ from bulk atoms.
At the same time, it was shown that with the orientation of
the (100) surface shown in Fig. 1(a), surface shear waves
are absent when interaction with only the nearest neighbors
is taken into account. In [10], the question was formulated
about the existence of surface waves when the orientation
of an ideal surface is intermediate between these two orien-
tations, i.e., for the orientations of the form (1x#0). A par-
ticular case of this orientation (120) is shown in Fig. 1(c).
The last example differs from the two previous ones be-
cause due to the surface geometry there is no symmetry
x — —x orf n—> —n, where x is the coordinate along the
direction of the surface and » are the numbers of atoms in
this direction. In this paper, we consider the question of the
influence of symmetry on the properties and conditions for

the existence of surface waves. In this case, we restrict our-
selves to systems in which the symmetry of the medium
satisfies the condition of the indicated symmetry, but the
elastic properties do not possess such symmetry — it is bro-
ken by the anisotropy of elastic interactions. Two models
will be considered: an anisotropic crystal cubic lattice with
surface orientation (110) and an anisotropic continuous
elastic medium with a surface coating.

2. Surface shear waves in a semi-bounded crystal
with a square lattice and anisotropy
of elastic properties

Consider the modification of the model proposed earlier
in [10] and shown in Fig. 2.

The Fig. 2 shows the sagittal plane of the crystal, which
is a half-space of a planar square lattice with a lattice con-
stant ¢ and with a surface oriented perpendicular to the axis
y. We assume that the nearest neighboring atoms interact
and this interaction is different in the directions of the crys-
tallographic axes. In the figure, the surface atoms are high-
lighted and atoms in the volume are shown separately. Due
to the orientation of the surface, it is convenient to separate
atoms in layers with even numbers from the surface and
with displacements v,,, and in layers with odd numbers
and displacements u,,,, where the first index indicates the
number of the atom in the layer, and the second indicates
the number of the layer. The elastic moduli are equal to p
and p' along the two crystallographic directions (see fig-
ure). [Since shear waves with displacements perpendicular
to the plane (XY) are considered, these are two shear moduli. ]
Due to the difference in elastic moduli, the system does not
have symmetry with respect to reflection x — —x or n — —n.

The equations of motion for the bulk atoms for the lay-
ers highlighted in Fig. 2 have the form (for simplicity, we
set the masses of atoms equal to unity)

’
Z’anrl,m +u <2un+1,m - vn+2,m - Vn,m+1 ) +
+“(2un+l,m “Vam _vn+2,m+l) =0, (1)
Vo +u(2v, —u —u +
n,m u n,m n+l,m—1 n—l,m

+ u(zvn,m - un—l,m—l - un+l,m ) =0. (2)

Virao V20 Vio V20 Virao

Fig. 2. Anisotropic half-space model for the square lattice crystal.
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In a bulk wave propagating along the axis x, the dis-
placements do not depend on the layer number m and have
the form

U, , =uexp(—iot+ikan), v, , =uexp(-iot +ikan). (3)

Substituting the expressions (3) into Egs. (2), we obtain
the dispersion law, which can be written for two branches
of the in-phase (v =v) and antiphase (u =—v) oscillations
of the nearest layers:

o, =20 sin(ka/2), u=v, 4)
®, =20, cos(ka/2), u=-v, (5)

where ®) =/2(p+p'). These dependences are shown in

Fig. 3 in the form of curves u =v and u = v.

In the long-wavelength limit ak <<1, the bulk waves
have the usual spectrum of elastic waves with negative
dispersion (d*w/ dk? > 0)

a?
= 2w, sin (ka/2) = 22| ka - . 6
o, g sin (ka/2) N a-— 6)

Let us consider the possibility for the existence of sur-
face waves. For them, the system of equations for the dy-
namics (1), (2) is supplemented by the boundary condition
for the surface atoms

.. , _
Vo TH (Vn,o U0 ) + ”’(Vn,O U0 ) =0. (M
This equation can be rewritten as
Voo +u(2v, o—u —u +u(2v, o—u, |—u -
n,0 TH 1,0 " Uni1,-1 " Up—1,0 ) TR Vo —Up 1 —Upi10

—(HH R )V + Wty g+, =0, ®)

formally introducing the displacements of the absent atoms
outside the boundary u, _,.
We consider the solution for surface waves in the form

U, = uexp(—iot +ikan—xam),

9
Vam = vexp(—imt+ikan—1<am). ®
/o /0
0 (a) 0 (b)
’\/5 _____________ : ﬁ _____________ :
Y=Y u=vy i l_y_::_V__ u=v E
el s\ vl |
i E u~iv i
u=v i =y u=v : =y
0 w/a k 0 wla k

Fig. 3. Dispersion laws for the bulk and surface waves in cases
p=p' (a) and p#p' (b). (The values of the parameter ®, in the
two figures are different.)

Stationary surface oscillations correspond to the solutions
with purely real values of frequency ® and wave vector k in
the direction of the axis x. As for the parameter k, it can be
both purely real in ordinary surface waves and complex in
generalized surface waves, in which the decrease in the am-
plitude inside the crystal is accompanied by its oscillations.
Substituting the expressions (9) into Egs. (1), (2), we obtain
the following system of algebraic equations:

((02 —(D%)V-l- u!u(eiakeal{ +e—iak)+uu(e—iakeal< + eiak) — 0’
(10)
(0)2 -} )u + u'v(ei“k - e‘i"ke‘”")+ uv(e””k + ei"ke‘”“) =0.

11
We can use the transformed above Eq. (8) for the dis-
placements, which now have the same form (9) as in all oth-
er layers. Therefore, in this expression, the first and second
lines are nullified separately. In this case, the displacements
in the “layer” with m =—1 have an amplitude ~ exp(xa).
Since in this approach the double layer with m =0 does
not differ from all other pairs of layers, the amplitude ratio
u /v is preserved in it. Equating the first and second lines
in (8) to zero, we obtain the system of equations (10), (11)
for all layers, including the surface and the boundary con-
ditions in the form

(2032 —m%)v+2u(uei"k +p’e_i"k):0. (12)
In the isotropic case with p=p' = 0)3 /4 considered in [10],
these equations are simplified and have a simple solution:
O= &sin ak, coshk= M.
\/E 2cos? ak
Thus, in the case of an isotropic crystal, the parameter K«
is purely real, and the surface wave has the ordinary form,
and its amplitude decreases monotonically with distance into
the interior of the crystal. In this case, it follows from (13)
that at k=0 and n/a the parameter « vanishes and the
surface wave is delocalized. Maximum localization occurs at
a value k = n/2a at which k = o0. At this point of the spec-
trum we have u =0, i.e., only surface atoms oscillate in
antiphase, and all other atoms are motionless. In addition, it
follows from boundary condition (12) that

(13)

u=vcosak. (14)

Therefore, the layers oscillate relative to each other with
different amplitudes. This difference in the vibration ampli-
tudes of even and odd layers, even in the depth of the crys-
tal, is a “memory” of the difference in oscillations of the
surface and near-surface layers in which atoms are in differ-
ent conditions. In the limit £ — 0, they oscillate in phase
(# =v), and in the limit £ — ©/ a, in antiphase (u =—Vv). In
the long-wavelength limit for the surface and bulk waves,
we have the asymptotics of the oscillations spectra:
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373 373
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o, =20 Sinak ~ 22| ap - L , @, e N P L |
2 2 6 V2 24
15)

So, in the isotropic case with p’ = p, the splitting off for
the frequency o, of the surface waves from the frequency
o, of the bulk waves occurs only in the second order in the
amplitude of the wave vector Aw ~ (Doa3k3. In Fig. 3(a),
the lower branch corresponds to surface waves.

In the case of an anisotropic crystal with p # ', the sit-
uation is more complicated. As shown below, the surface
wave becomes a generalized SW. In this case, it is conven-
ient to introduce the complex quantity
ka = (W +p)cosak +i(p —p)sin ak,

(16)
depending only on the parameter £. In terms of this parameter,
the oscillation equations and boundary conditions (10)—(12)
take a simple form

G=peh +pe”

(mz—wé)v+(e"“G+6)u:O, (16)
(mz—wé)u+(G+e‘“KG)v:0, (17)
(20% -0 )v+2uG =0. (18)

Note that in this case the amplitudes of the oscillations
u and v become complex. Eliminating the parameter x
from the system of equations (16), (17) and using the rela-
tion u /v from the boundary condition (18), we find the
dispersion law of surface waves

' "2
o, = /4“u'sinak=& 1—(“—}4,} sinak. (19)
pn+ \/5 n+p

Thus, the asymptotics of the dispersion law for small
wave vectors has the form o’ ~a’*k*4pp’/ (u+p'). For
comparison: the asymptotics of the dispersion law for bulk
waves in this limit is equal to ? ~ a?k*(u+p'). The split-
ting off for the frequencies of the surface wave from the
frequencies of the bulk waves occurs already in the first
order in the amplitude of the wave vector:

(n—w)’
2(M+u,)3/2

Ao = ak (20)

For ak =7/ 2, the local mode frequency reaches its max-
imum value ©,, / ®, = \/1—(;1—“')2 /(u+n)? /N2 <1/42.
At this point, u = iv(u' —p) /(' + ). Note that, in the case

of an anisotropic crystal, the displacements of different
atoms are no longer in-phase or antiphase: a phase shift
arises between them. At the point of the maximum fre-
quency, this phase shift is equal to /2. In the general case
of arbitrary values of the parameter k, the ratio of the am-
plitudes of oscillations for the layers has the form

chosak-i-iu,_usinak: G . 21)

v utp utp

The frequency dependence for the local mode is shown as
the bottom curve in Fig. 3(b).

Taking into account the dependence of the frequency on
the wave number (19) and the ratio of the amplitudes (21)
from equation (17), it is easy to find an expression for the
parameter kof the wave attenuation with a distance from

the surface:
exp(—ﬁj - ,G . 22)
2 TR

This expression shows that in the case of a stationary local-
ized surface wave with a real frequency and wave vector, the
parameter K cannot be purely real, and the wave cannot be a
simple surface wave. Let the parameter k be complex,
K = g +ip, and equate to zero the real and imaginary parts of
relation (22). In this case, we obtain the dependences of the
smoothly decreasing and oscillating parts of the surface
wave on the wave vector k:

’ 2
tanh %8 — 22u pwtan® ak ’ 23)
(n+p") +(u2 +;,L'2)tan2 ak
tan 2P = K71 o ak., (24)

2 p+y

Since the oscillations of the amplitude are determined by
a factor exp (iamp), the period of the oscillations is equal to
L=2m/2/ p and is determined by expression (24). In the
limit & — 0, the oscillation period becomes infinite, and at
k =/ 2a, the oscillation period is equal to L = 22a. That
is, the layers through one oscillate in antiphase. If these are v
layers, then the u layers also oscillate in antiphase, but with
a different amplitude |u| :|v| (W' -p)/ (W +p) and with a
phase shift of the oscillation by =/ 2.

Formula (23) determines the dependence of the charac-
teristics of the exponential decay of the SW amplitude on
the wave vector. From this expression it follows that in the
limit k£ — 0 the surface wave is delocalized (g — 0), and at
k=m/2a we have exp(—ag/2)=(u-pn)/(u+p"). Con-
sequently, in this limit with weak anisotropy p'—p << p, the
parameter g increases, and the wave penetration depth tends
to zero. Note that the considered system admits a state with
a frequency o/ w, =1/ V2 localized exactly on the surface
atoms, which oscillate in antiphase with the amplitudes
Vo =~/ WV,i00-

Thus, in the proposed model, which does not possess
symmetry x — —x, n — —n, it remains possible for the exist-
ence of specific surface waves, which differ significantly
from the SW in the isotropic case and are characterized by
an oscillating decrease in amplitude with distance into the
crystal.

However, this relation between the characteristics of sur-
face waves and the properties of symmetry is not general. In
the next section, a model is considered in which symmetry
breaking leads to the impossibility of the propagation of
stationary surface waves.
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3. Dynamics of an anisotropic elastic medium with a
thin surface coating

As another model, consider the previous crystal lattice,
which has different shear moduli along two orthogonal
directions, but within of a continuous medium. In this case,
consider the configuration of a half-space, which also does
not have mirror symmetry of reflection relative to a plane
perpendicular to the plane of the surface. In the case of a
continuous medium, pure shear waves do not localize near
an ideal surface. Therefore, in order to compare situations
with the presence and absence of this symmetry, let us
consider purely shear Love waves [10], which can exist in
an isotropic medium with a half-space covered with a thin
layer of another substance, and which are also scalar. The
Love waves exist in the case when, for example, a half-
space with a shear modulus p and density p, is covered
with a layer of thickness / of another substance with the
same modulus, but with a higher density p/p, =s>1. At
small coating thicknesses, the frequency spectrum of the
surface wave of the type exp (—iof +ikx —xy) has the form
o® =~ pk? —u(s—1)*1?k* and is split off from the frequen-
cy spectrum of the bulk waves ®*> =nk>. (The coordinate
x is directed along the wave propagation in the plane of the
surface, and the coordinate y is perpendicular to the sur-
face into the bulk of the medium.) The decrement of the
wave amplitude with distance from the surface is deter-
mined by the parameter « ~[k?(s—1). This result can be
obtained in a simpler model by replacing the layer with
changed properties with a & function. In this case, the ef-
fective equation will have the obvious form:

ii_uuxx_“uyy :—(s—l)ﬁ(y/l)u, (25)

where u are the transverse displacements of the medium in
the direction perpendicular to the sagittal plane (x, y). This
simplified model exactly retains the results presented
above for the spectrum of surface waves and the amplitude
decrement.

Let us consider an anisotropic medium with a thin coat-
ing, and assume that in two orthogonal directions the shear
moduli have different values p and p'. Keeping the desig-
nations chosen above for the coordinates (x, y) associated
with the geometry of the problem, we introduce a coordinate
system (&,1) associated with orthogonal axes along which
the elastic bonds are characterized by shear moduli p and p',
respectively. These two coordinate systems can be rotated
relative to each other in the sagittal plane at an arbitrary
angle ¢. The geometry of the problem is shown in Fig. 4.

In the coordinate system associated with the axes (§,m),
the dynamical equation in the bulk of the half-space has
the form

=W g —p g, =0. (26)

The Fig. 4 shows the connection between the two coor-
dinate systems:

\Q\ X
n

¥

Fig. 4. Anisotropic elastic half-space with the surface coating
with thin film.

y=E&cos@+mnsing, x =—-Esin@+1cosQ. 27

Using these relations, we rewrite Eq. (26) in a new co-
ordinate system, taking into account the presence of a coat-
ing on the surface y =0, similar to the case of an isotropic
medium and Eq. (25):

ii—(usin2 @+’ cos? (p)uyy —(pcos2 ¢+ p'sin? (p) U, +
+2(p'—p)singcos ou,, =—(s—1)3(y/1)ii. (28)

For a bulk wave of the form u =ujexp(—iot+ikx)
propagating along the surface in the direction of the axis x,
the dispersion relation has the form

o> :(ucosz(pﬂ,l'sin2 (p)kz. (29)

To obtain the boundary condition, we supplement the
considered half-space in the region y <0 with a similar
half-space and use the solutions that are symmetric with
respect to the plane y = 0. Then we integrate Eq. (28) over a
narrow region near the interface, tending the region of inte-
gration to zero. It is easy to see that in this case a boundary
condition of the following form arises:

(usin2 @+ cos? (p)uy|y: =—lo’ (s —1)u|y:0 . (30)

Let us consider the question of the possibility for the
existence of surface waves in this system. It is natural to
look for a solution for such waves in the form u =
=u, exp(—iot +ikx—ky). A normal surface wave should
correspond to a solution of this type with real frequency ,
real wave vector k, and real parameter k. The generalized
surface wave corresponds to the complex parameter K.
Substituting the solution of the indicated form into the equa-
tion in the bulk and into the boundary condition, we obtain
the relations

o® =k? (ucos2 ¢+ p'sin? (p)—K2 (usin2 @+’ cos? q))—
—2ikx (' —p)sinpcos o, (€2))

K(psinch+u’cos2 (p):l(n2 (s—1). (32)
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It follows from relation (32) that the parameter k at a
real frequency (i.e., for stationary waves) can take only the
real values. However, it follows from the first equation in
(31) that the wave vector k cannot be real. So, for an arbi-
trary angle ¢, when the system does not have symmetry of
reflection with respect to the coordinate x — —x, there are
no stationary surface waves. As can be seen from (31),
they are possible only in an isotropic medium with p=p'
or in an anisotropic medium with p # p', but only at angles
¢ =0 and ©/2 at which the indicated symmetry is restored
even in a nonisotropic medium. In the long-wavelength lim-
it, in the case ¢ = 0, the surface wave has a frequency spec-
trum o = pk? —p'pl?k*(s—1)? and its localization is char-
acterized by a parameter k = (u/ ')/ k*(s—1). In the case
¢=m/2, the corresponding characteristics have the form
o 2 pk? —p'ul?k*(s—1)? and k = (' / p) 1 k* (s —1).

In the absence of dissipation in the system when a sur-
face wave is excited, its frequency is a real quantity, but in
this case the values of the parameters k and k& become com-
plex. Excluding the quantity «, it is easy to relate the fre-
quency o to the complex value of the wave vector along the
axis x:

o’ =o}(k)/P, (33)
where the dependence ®, (k) corresponds to the dispersion
law of bulk waves in an unbounded medium (29), but with
a complex vector k& and

P=1+1(s—1)[1+ik2(5L 2“)5”1,@00;@} (34)
psin” @+p'cos” @

These expressions are simplified in the case of a weak
anisotropy of the medium with p'—p<<p and with a
weak effect of the surface coating: /(s —1) << 1. When in-
troducing a complex vector k = K +il", we can calculate
the depth of penetration of the surface wave into the bulk
in the direction of the axis x: L, =1/I" and compare it
with the localization region in the near-surface layer in the
direction of the y axis: L,,. In the indicated approximation,
these parameters have the values

I u 1 u

~—m—— L x—mM— 35
* l(s—l)coza 7 l(s—1)0)2 33)

where the parameter € is small and equal to
e=(n'—p)sinpcosp <<1. (36)

Consequently, the depth of wave penetration along the sur-
face significantly exceeds its localization near the surface.

Conclusion

It is shown that the nature and the conditions for the ex-
istence of shear surface elastic waves substantially depend
on the symmetry of the properties of the elastic medium or
the crystal lattice with respect to the symmetry of the crystal
surface. Two models of an anisotropic square lattice and an
anisotropic continuous medium with a coating surface are
considered, in which the anisotropy of elastic properties
breaks the reflection symmetry in a plane perpendicular to
the surface plane. In the case of a crystal lattice with a sur-
face orientation (110), the existence of a surface wave re-
mains possible, but it transforms into a generalized surface
wave with amplitude modulation, which accompanies its
monotonic decrease into the bulk of the crystal. In addition,
the splitting off for the spectrum of surface waves from the
spectrum of the bulk waves increases: the corresponding
frequencies differ already in the first order in the amplitude
of the wave vector in the long-wavelength limit. In the model
for an anisotropic continuous medium bounded by a surface
with a “heavy” surface coating, the anisotropy of elastic
moduli leads to the absence of stationary surface waves, but
they penetrate into the bulk of the material along the surface
over long distances, inversely proportional to the anisotropy
of the medium.
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1. L.D. Landau and E. M. Lifshitz, Theory of Elasticity, 2nd ed.,
Pergamon Press, Oxford (1970); L. D. Landau and E. M. Lifshitz,
Theory of Elasticity, Nauka, Moscow (1965) (in Russian).

2. A. A.Maradudin, B. W. Montroll, G. H. Weiss, and L. P. Ipatova,
Theory of Lattice Dynamics in the Harmonic Approximation,
Academic Press, New York (1971).

3. G.W. Farnell, Properties of Elastic Surface Waves, in:
Physical Acoustics, vol. 6, Academic Press, New York (1970).

4. D. Royer and E. Dieulessaint, J. Acoustic Soc. Am. 76, 1438
(1984).

5. G. P. Alldredge, Phys. Lett. 4 41, 281 (1972); I. M. Gel’fgat,
Fiz. Tverd. Tela 19, 1711 (1977) (in Russian).

6. Yu. A. Kosevich and E. S. Syrkin, Sov. Physics Acoustics
36,28 (1990).

7. Yu. A. Kosevich and E. S. Syrkin, Phys. Solid State 1, 248
(1986).

8. Yu. A. Kosevich and E. S. Syrkin, JETP 62, 1282 (1985).

9. G. A. Maugin, Shear Horizontal Surface Acoustic Waves in
Solids, in: Recent Developments in Surface Acoustic Waves,
D. F. Parker and G. A. Maugin (eds.), Springer, Berlin (1988);
L. M. Brekhovskikh, Waves in Layered Media, Nauka, Moscow
(1973) (in Russian).

10. A.S.Kovalev and E. S. Syrkin, Crystallography Rep. 44,
806 (1999).

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 10 961


https://doi.org/10.1016/B978-0-12-395666-8.50017-8
https://doi.org/10.1121/1.391427
https://doi.org/10.1016/0375-9601(72)90296-4
https://doi.org/10.1007/978-3-642-83508-7_17
https://doi.org/10.1007/978-3-642-83508-7_17
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3CyBHi NOBEPXHEBI XBWITi Ta CUMETPIA CUCTEMM

A. S. Kovalev, E. S. Syrkin

Po3risiHyTO BIUIMB aHi30TPOMii MPYXHOTO CEepelIoBHIIA Ta
KPUCTAJIYHOI TPaTKH, sSKa MPU3BOIUTH [0 IMOPYLICHHS CHMETPIl
HariBOOME)KEHOT0 MPOCTOPY BiAHOCHO BiAOWUTTS, HA MOXIIMBICTh
ICHYBaHHS Ta BJACTHUBOCTI MOBEPXHEBUX MPYXHHUX 3CYBHHX
xBwib. [lokazano, mo npu 30epexeHHi KpucranorpadidHoi cu-
Metpii npu opieHranii nmosepxHi (110) anizorpomist ycyBae BKa-

3aHy CHMETpiro, ane 30epirae MOXKIHBICTH PO3MOBCIOKCHHS
CHJIBHOMOAN(IKOBAaHUX MOBEPXHEBHUX XBHIb. Y BHUIIANKY aHi30-
TPOITHOTO HAIMIBOOMEKEHOT'O MIPOCTOPY 3 TOHKHM MOKPUTTSM, SIKUi
JIOITyCKa€e PO3MOBCIOLKEHHS XBWIb JIsBa B i30TpOIHOMY cepero-
BHILII, aHI30TPOIIisI IPU3BOIKUTH [0 BiJCYTHOCTI TaKHX CTal[iOHAp-
HHX XBHIIb, III0 HE 3racaroTh B3/IOBXK IIOBEPXHi CEPEIOBHUIIIA.

KurouoBi croBa: moBepxHEBi XBWII, 3CyBHI XBuil, xBuii JsiBa,
KpHcTanorpadidyHa cumeTpis.
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