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A microscopic derivation of the theory of extended objects in crystals is presented. The extended object is
the classically behaving macroscopic object created through the boson condensation of phonons, which is
mathematically expressed by the boson transformation. A general method for constructing extended objects
with topological singularities is summarized. The extended object is classified by a topological singularity of
boson transformation functions (or the displacement fields) which satisfy the phonon equation. As examples,
dislocations, grain boundaries, and point defects are studied in detail. While the dislocation correspond to a
line singularity, the grain boundaries and point defects are expressed as surface singularities in crystals. In
particular, it is shown that a point defect, which is defined by the closed-surface singularity with the size of
the lattice parameter, gives a reasonable estimate of the energy for a vacancy, i.e., 1 eV. Furthermore,
based on a new theory of boundary surfaces, a novel derivation of surface waves is presented. Finally, the
improvements over the conventional phenomenological theory of materials (the theory of elasticity) are

pointed out.

I. INTRODUCTION

Recently, we developed the quantum field theory
of crystals and dislocations® by applying a quantum
field-theoretical technique (called the boson meth-
od) to the system of interacting molecules. The
theory consists of two steps. In the first step, we
derive the perfect crystal from the Lagrangian
which is translationally invariant. As a result of
spontaneous breakdown of symmetry, we obtain
three quantum modes with gapless energy spec-
trum, which are identified as acoustic phonons.
This is an example of the Goldstone theorem and
acoustic phonons are Goldstone bosons. It is
shown that the crystal lattice structure is consis-
tent with the translational invariance of the theory,
since the phonons play the role of recovering the
original symmetry (the dynamical rearrangement
of symmetry). Inthe second step, we create ex-
tended objects in crystals through the boson con-
densation of phonons. Here extended objects
means-classically behaving macroscopic objects
in a quantum ordered state, sometimes called
simply macroscopic objects. Throughout the pa-
per, we shall mainly employ the words “extended
objects,” In this step the boson transformation
method, which was first applied to the study of
superconductivity, was effectively used. When the
number of the condensed bosons is very large, the
objects created in the system behave classically
and one can develop the theory of extended objects
in the quantum ordered state. We have formulated
a general method to construct extended objects
with topological singularities. Specially, we found
that line singularities correspond to dislocations

18

and that the Burgers vectors should be quantized.

The aim of this paper is to present a detailed
account of the application of our general formalism
to the study of various extended objects in crystals
such as dislocations, grain boundaries, point de-
fects, etc. The dislocations correspond to the line
singularities, as was pointed out previously. It
will be shown that the grain boundaries and point
defects are expressed by the surface singularities.
Since the boundary surface of a crystal is self-
consistently maintained, it can be regarded as a
macroscopic singularity. This viewpoint opens a
new way of calculating the quantities associated
with the crystal surface.

The plan of the paper is as follows. In Sec. II
we briefly review our formalism for extended ob-
jects in crystals which was derived in the papers
in Ref. 1. In Sec. III we summarize a general
method for treating extended objects with topologi-
cal singularities. The relations summarized in
this section are the basic tools for our discussion
in later sections. A detailed study of dislocations
is presented in Sec. IV. Besides the general dis-
cussions on the properties of dislocations, an ex-
plicit expression for the displacement fields in-
duced by the straight dislocation is obtained. In
Sec. V we study the grain boundaries. Our result
shows that the boundary generally accompanies
some amount of expansion (or contraction) in ad-
dition to the change in orientation across the sur-
face. Frank’s formula for grain boundaries is
found to be valid under the condition that the ex-
pansion (or contraction) is negligibly small in the
vicinity of the boundary or the misorientation is
small enough to ignore the expansion (or contrac-
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tion). When we have a static surface singularity,
calculation shows that the force per unit area nor-
mal to the surface is zero, implying that the sur-
face is a free surface. This result is consistent
with our view point that the boundary surface is
self-consistently maintained. As will be shown in
Secs. IV and V, we have continuity relations both
for dislocations and grain boundaries. In Sec. VI
we study an extended object, the singularity of
which’is confined into a domain enclosed by a
closed surface. It is shown that this object can be
regarded as the point defect. Explicit expressions
for the field, volume expansion, and stress tensor
associated with the point defect are presented.
Calculation of the total strain energy gives the
reasonable value of 1 eV which is roughly same
as the energy for the formation of a lattice vacan-
cy. Section VII is devoted to the analysis of sur-
face sound waves. When we consider an oscillat-
ing free surface singularity, we find a new deriva-
tion of surface waves in crystal. The dispersion
relation for the surface sound wave in isotropic
media agrees with the Rayleigh’s relation when the
amplitude is small. Our theory of surface waves
can be readily applied to other physical systems,
such as surface magnons and surface properties of
superconductors. In Sec. VIII we comment on the
relationship between the conventional phenomeno-
logical theory of crystals and our formalism,
Although the theory is nonrelativistic, we shall
sometimes use four-dimensional notation for con-
venience:

w_ _(-1 0)
g 'guu‘ 0 I ’

%y = (Xg, Xyy Xy X3) = (t, Xy, X5y X3),
xH=g"x, = (=1, %, Xpy X3)

ot =(3/at, 3/3x,, 8/ 8%, 0/8%3),
xp=x'p,=x,p" =%+ P = %50,

and €,,,, is the totally antisymmetric tensor with
€012 = 1

II. QUANTUM FIELD THEORY OF CRYSTALS

In this section we briefly summarize a quantum
field-theoretical formulation of crystals,! from
which follows the phenomenological theory of ma-
terials. The phenomenological theory of materials
which describes classical behavior of crystals is
usually called the theory of elasticity.? Inthe der-
ivation of this phenomenological theory a key role
is played by the boson transformation method.

Our starting point is the Lagrangian £(x) which
consists of a molecule field ¥(x): £(x)=L(I(x)).

It is straightforward to extend our consideration to

a system of many" kinds of molecule fields and
electrons. In our consideration, any specific form
of the Lagrangian will not be assigned. We only
assume that: -(a) the Lagrangian is translationally
invariant;

fd4x£(zp(x))=fd4x£(zp(x+a)), @.1)

where & is an arbitrary c-number vector, and that
(b) the interaction is such that it can create the
crystal with lattice vectors 3; (i =1, 2, 3), that is,

v(E+3;)=v@), (2.2)
where v(X) is the ground-state expectation value of
the density operator n(x) =y (x)p(x);

&) =(n(x)). (2.3)

We introduce a complete set of orthonormalized
real periodic functions {¢,&X);x=-1,0,1,2,...}
with the lattice periodicity ¢, (X +3;)=¢,(X). Our
choice is :

{0 G} ={o_,&) =1, 9X), 9, &), ...}, (2.4)

where ¢, (x) with A= 0,1,2,3 are related to v(X)
through the relation

vE) =v_, +v9,&),

3
0@)= 3 (V) Vo), i=1,2,3.

=1
Here v_, and v, are constant and V;; is defined by

(2.5)

Q V“'E'/;zdsx V,v(ﬁ)V,v(ﬁ) 3 (2.6)

with @ being the volume of the unit cell of the
crystal.

Since the Lagrangian is translationally invariant,
we specify the choice of the reference coordinate
system by adding the small symmetry-breaking
term ev@)P" (x)(x) to the Lagrangian £(x). Then,
the condition of translational invariance, (2.1),
leads to the following Ward-Takahashi relation:

v @) =ie [ 2% @A), @7

where 7(x)=n(x) =v(X). On the other hand, the
spectral representation of correlation function
(n(x)n(v)) can be put in the form

7 7l —___l'_._ 3y, ,ikE=y
) =g [k atke

x(Za:A“(k’j,k)+o--) ,
(2.8)
where

k(x_y)=E'(i""_g’)—ko(tx—ty)y ’ (2-9)
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and A “(X, 7, k) denotes a term which has a pole
singularity in the following form:

Fok,X)FEK, )
- w2 (k) = eC (k) +in”

AYZ, fr,k)=k2 (2.10)
o .
Here F,(k, X) are functions with lattice periodicity
F,(&,%+3%;)=F,(k, %). The dots in (2.8) stand for
the terms with cut singularities and the symbol Q5
means the volume of the first Brillouin zone.

A detailed account of derivation of (2.7) and (2.8)
was presented in Ref. 1, and therefore is not re-
peated here. For the sake of simplicity, we pre-
sented in (2.10) the speétral representation at zero
temperature, although our consideration in this
paper holds true for system at any temperature.

In case of the finite temperature the thermo field
dynamics gives a quantum field-theoretical formu-
lation of statistical mechanics for interacting
particles.®

Expanding the periodic function F, (K, ) in terms
of (P)\(i),

Fa(i7i)= Z Vi(ﬁ)wx(ﬁ), (2.11)
X
we can rewrite (2.8) and (2.10) as

<ﬁ(x)ﬁ(y)>=@%)—.,fdkofa PEPRL D)
B

X Z oA @Ay (k)

AN
Xox(¥), (2.12)
with
- &)Y (k)
A (k) = ; k2 = w2,(k) = €C o (k) +in

Let us now eliminate the symmetry-breaking
term by considering the limit € - 0. Performing
this limit in Eq. (2.7) and using (2.5) and (2.13),
we obtain

@) =lim (=€) 37 ¢rE)A;(0). . (2.14)
X

+e00. (2.13)

Since the terms with cut singularities which are
denoted by dots in A, (k) do not produce any 1/
singularity at the limit € - 0, we find that

w2(0)=0, a=1,2,3, (2.15a)

8= 2 ¥ (0)C5 (0)1y5(0), (2.15b)
(o3

y$(0)=0 for A#1,2, 3. (2.15¢)

The completeness relation (2.15b) requires at
least three kinds (@ =1, 2, 3) of bosons whose en-
ergies are gapless according to (2.15a). Those
Goldstone bosons are the acoustic phonons. Thus
the set of quasiparticles consists of three phonons

x% and the quasimolecule y°. They satisfy
Ao(@)xe(x) =0, (2.16)
A(0)y°(x)=0, (2.17)

with, in particular,

2

xa(a)=-;’?- W2 (=iY). (2.18)

The phonon equation (2.16) can be cast into a more
familiar form by the help of the polarization vec-
tors denoted by e (— i_V')g The polarization vectors
satisfy the unitary condition

2 e ®ef &) =045, (2.192)

3 ed®es k) =5y, . (2.19b)

o4

Furthermore, when the theory is invariant under
the time reversal, we have

ef"(k)=ef(-K). (2.20)
Let us define new phonon field operator by

X3x) =D ef(=iVIxa(x), (2.21)

o

and introduce the matrix
w}(®)= Y ef(R)w? ke (k). (2.22)

Using the unitarity of the polarization vectors, we
can then convert (2.16) into

3 nX5) =0, (2.23)
i
with
32 -
Xij(a)="5ija‘t‘i“‘-*’?j(— iv). (2.24)

We express the molecule field y(x) in terms of
the quasiphonon field x?(x) and the quasimolecule
field °(x);

P(x) = (x5 x3(x ), P°(x)) . (2.25)

The right-hand side of this relation is a sum of
normal products of x? and §°. Precisely speaking,
this relation means the equality of matrix elements
of both sides, i.e., weak relation.

As was proved in Ref. 1, the spatial translation
of the Heisenberg operator

P(x) = P(x +a) (2.26)

is induced by the transformation of the quasifields
X) = x3@; x)= xS +a )+ ) (W)L d ]y,

! (2.27a)
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Po(x) - 0@y x) = P°x +a), (2.27b)

where [ @ ] is a vector reduced from & in such a
manner that it belongs to the first cell Q by ad-
justing integers #»; in

a=[a@l+) ni;, : (2.28)
i
and the matrix N is given by
Nij= ) v3(0)es™(0). (2.29)
o

The dynamical map (2.25) thus implies
Wlx +a) =9(x; x3@; x), Y@, x)). (2.30)

This relation tells us how the spatial translation
is dynamically rearranged and restricts severely
the functional form (2.25).

The property (2.30) for the dynamical map is
true for any Heisenberg operator consisting of
#(x). Let Og4(x) stand for such an operator. If we
expand O, by means of the complete set {¢, &)},
we have

04(x)= Y P @0\ x3(x), ¥°(x)). (2.31)
A

Here, O, is the expansion coefficient whose mo-
mentum support is Q5. Since the transformation
(2.27) induces (2.26), Eq. (2.31) can be rewritten
in the form

0p¥)= Y o +17 =iV X))
A

X 0x(x; 9x(x), ¥°(x)), (2.32)

where (- iV) is a derivative matrix operator
satisfying

7;(0)= (N "1 12);5. (2.33)
The quantity 9y? in (2.32) stands for x{ carrying
any positive number of derivatives. The operator
O, has the property; O,(x)-O,(x+a) under the
transformation (2.27).

In general, the Lagrangian for interacting mole-
cule field has the form

. AT . -
2=k (2 -2y ) - LGt Gy - v uh.
_ , (2.34)

Here V is a functional of y and sz. We then find
that the molecule current j(x) and density n(x) sat-
isfy the conservation law

| :—tn(x)ﬁ =0, (2.35)

where

n(x) =y (x)(x), (2.36a)

100 == 357 0" T T4 (1) 4] (2.36b)

The conservation law among the canonical energy-
stress tensor T, reads as

%Pi(x) +Zj: VT (x)=0, (2.37)

where

Pi(x) =Ty (%) =mj;(x), (2.38a)

Tij(x)‘:E}—w'(Vin SV +V T v y) +6,,8.
(2.38b)

The operators P; and T';; are called the momentum
density and stress tensor. When we put P;(x) and
T;;(x) in the forms

Pyx)== 2 nli(=iV)3x)

0 D @y (=R e
e (2.39)

Ty(x)= Z CiM(= V)V it (=9 )x3(x)

kil,m

+.Z Z <Px(§)1“§,->\(—z‘§7)x;’(x) oo,
e (2.40)

then we can prove! that 7;;(-iV) defined by (2.39)
satisfies the relation (2.33). Therefore, without
loss of generality, we can identify 7 in (2.32) with
n in (2.39). The coefficients C{J"(k) in (2.40) are
usually called the elastic constants, although they
depend on k., The conservation law (2.37) together
with the phonon equation (2.33) leads to the follow-
ing relations among coefficients: '

& (k)= ) Cir@ b, =[n" @ ®nE)];; ,
b (2.41)

> 3 Vil @Er (= V)0 )]

A#=1 §,1

= D @y (=i h(-TXE) . (2.42)
A#-1 §,k
The dots in (2.39) and (2.40) stand either for the
higher-order normal products of x° or for the
terms which contain y°.

Equation (2.41) relates the elastic constants to
the phonon energy and shows again that w; j(ﬁ)
vanishes at k=0,

The hermiticity of P;(x) gives

(= 1V) =05 (V) =nfy(=¥). (2.43)
The elastic constants defined by (2.40) have the
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following symmetries:

cirk)=cirk)), (2.44a)
Cr(k)=Cir+x), (2.44b)
cir*®)=cir(-k), (2.44c)

The properties (2.44a), (2.44b), and (2.44c) follow
from the symmetry of T,;, the Hermiticity of
®,,;() and (2.20) and (2.43). It is clear that at k
=0, the elastic constants are real and only 21 of
them are independent.

We are now in a position to derive classical
equations. It is convenient to introduce at this
stage the phonon fields defined by

X900)= 20 i = V300,

From (2.23), (2.24), and (2.39), we find that

(2.45)

3 A, ()X3(x)=0, (2.46)
3
with
-, 92 .
Aij(8)=—p,-j(—iv)3-ﬁ—tb,-,(- iv), (2.47)
where
pis(=i9)= D 1=V (=9 (2.48)
kR

is called the effective density. It should be noted
that X9(x) is the.canonical conjugate of the first
term of (2.39). For this reason, we shall call
X°(x) the displacement field. On account of (2.43),
the displacement field is Hermitian,

The boson transformation is now performed on
the displacement field

X Ax)= Xx) +u; (%), (2.49)

where u;(x) is a c-number field satisfying the pho-
non equation

2 M) us () =0. (2.50)

It has been proved that the boson transformation
does not change the Heisenberg equation (the boson
transformation theorem).

In terms of the displacement field U(x), the
change of the ground-state energy and the total
momentum are

wial=1 > Jaox (@) i)

+ (9,0, (ICH = 9NV (x)]) )

(2.51)

Ki[-ﬁ] = - Z p“(())fdsxdj(x)
7
- [ @i FVmm.  (@.52)
§.k
And the groundés_‘fate expectation values of mo-
mentum density P(x), molecule density z(x), and
the stress tensor T';; are

Pix)== D pyy(=iV)i;(x)
i

+ Z Z NC2 u("i—v.)

A#=1 .,k
XNy = V) d(x) + o«
(2.53)
n"(x)=v(x)+1% Zv,.pi,.(— V) u; (x)
+Z Z ¢x(§)Yxi(-i$)
A#=1 i,f
X1y (= V) s (%) ++ o+ (2.54).
T4(x)= Y, Ci(= V)V a4 (x)
k,1 -
SIS DRI EINEL)
A#==1 R,1
Xnk;(—ﬁ)uz(x)+'“. (2.55)

These equations can be used to improve the con-
ventional theory of elasticity. The detail of the
discussion will be given in Sec. VIIL

III. TOPOLOGICAL SINGULARITIES

The macroscopic objects (extended objects) in
crystal are described by the displacement, which
is a c-number function satisfying the eqqation

3 A4 (0) 256 =0, 3.1)
i=1

with
=, 92 .
Ai(®)==piy(=i¥) g5+ DL CIF (=9I, ¥, . (3.2)
I,m

In this section we shall develop a systematic meth-
od for constructing the displacement u;(x) with
topological singularities.

The dynamical map between a Heisenberg opera-

tor O 4(x) and the displacement field X°(x) has the
form [cf. (2.32)]

04(x0) = PR +X(N0Nx; 0X°(x), 9°(x)) . (3.3)
A

The effect of the boson transformation
X Ax)= X9(x) +u;(x) (3.4)
on (3.3) is
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(%)= 3, oAE +X0x) +1(x))
A

X 0(x; 9X(x) +38(x), ¥°(x)) . (3.5)

Let us consider a closed loop described by X.(s)
(0 ss <1) with X,(0) =%,(1). Since the observables
are single valued and the functions ¢, (X) are peri-
odic, we find that 8,(x) is single valued and that
when U(x) is multivalued, it should satisfy

U(x (1) - 8(x0) = ni;, (3.6)
i

where n§ (i =1, 2, 3) are integers. The above rela-
tion can be written in terms of the Burgers vector
B as

B'=§ ds, ()= 30 nid, (3.7)
1]

which implies that the Burgers vectors are quan-
tized. The integration is carried out along the
closed loop C. It is to be remarked that (3.7) is
not necessarily valid if the path C crosses the re-
gion where (x) is not.single valued.

When G(x) is multivalued, its topological struc-
ture is determined by the function GZ,,(x) defined
by

ng)(x)=(apau_auay)ui(x)- (3.8)

The domains in which some components of G}Iﬁ,‘)(x)
do not vanish are the domains of topological singu-
larity. To simplify the expression we introduce
the notations :

CHB)==p;;(=iV),
CiM@)=CiM=iv), , (3.9)
cl9)=c(s)=0,

in terms of which we can write
A(®)=) CE)8,0, . (3.10)
uv

Since 9,1(x) is single valued, we have
(8,9, =2,8,)3,U(x)=0. (3.11)
Let us operate C}*(3)3, on both sides of (3.8).
Using (3.11) we have
20 A0R, ) =Y Y CN ()G,
! o (3.12)
Therefore, when we introduce the Green’s function

A (%) by

E A;5(9)A j5(x) = 6,,0%x) , (3.13)
3

we obtain

9, u,0)=3 3 fd“x’A,k(x—x’)C,Z‘,"(a’)
R4 N\,p
x 3]G (x"). (3.14)

In order to construct G, explicitly, it is con-

venient to introduce its dual conjugate defined by

GYY(x)=3€)0GI(x). (3.15)
The relation (3.15), in turn gives

Gix) = -3 GLux). (3.16)
Making use of (3.8) and (3.11), we find that

akGY(x)=0. , (3.17)

It can be readily shown that the condition (3.17) is
sufficient for the relation (3.14) to reproduce (3.8).

Making use of above relations, we can develop a
systematic method for constructing the displace-
ment #;(x) with topological singularities.? First,
look for Gﬁ}, which satisfies the divergenceless
condition (3.17), and then construct G;#) according
to (3.16). By means of (3.14), d,u;(x) can be eval-
uated. The multivalued function u;(x) is obtained
through a path integral of 8,u;. Existence of the
path integral is guaranteed by (3.8) as long as the
path does not cross the singularities. In fact,
GI®(x)=0 is the integrability condition for u;(x)
outside of the singular domain, Although u;(x) is
path dependent, an explicit expression of the func-
tion u;(x) for x outside of the topologically singular
domain can be obtained.

Let us consider a case in which the topological
singularity is given by a world sheet y,(7, o) which
depends on two parameters T and 0. Since G}(*
does not vanish.only on this worldsheet, it has the
form

G @) =M f dS,, 89(x - ), (3.18)

where the surface integration is made over the
worldsheet. Making use of the notation

ol vu,¥ul _29u 39y _3Yy 3yu
o[, a) _‘ ar 80 ot 90 ° (3.19)

we can rewrite (3.18) in the following form:

(&) = Ay, w0l ) -
Gy =M ff drdo o, 0] 3*(x =y(1,0)).

(3.20)
This leads to

9 9 9 )
B () = 70 0¥y 9 9Yv O
o G’”’(x)—M ./.[ deU( 30 a1 @ T ao>

X6 x =y(1,0)). (3.21)

The right-hand side of the above expression should
vanish according to the divergenceless condition
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(3.17). This condition restricts the choice of sur-
face y(r,0). When we assume that 7 is the timelike
parameter;

Yo(7,0) =T, (3. 22)

¥4 (7, 0) appears to be a line at each instance 7.

The divergenceless condition (3.17) requires that
the line expressed by ¥ =¥(0) should not have any
boundary; infinitely long or closed on itself. We
shall see in Sec. IV that this singular line corre-
sponds to the dislocation and M¢ is the Burgers
vector,

" Next we consider a worldsheet y u(7,04,0,) which
depends on three parameters 7, 0;, and 0,. Making

3 wv, ysl @

8l yuyel 8

use of the notation

Al yu, v, 96l _2yu vy, vl _ 2yu 8l yv, ysl

3[1,05,0,] 3T 8loy,0,] 00y 8[7,02]

4 29 9y, 9]

50, 1,0, ’ (3.23)

we construct

G = M“ﬁfff dr do, do —(Y&&&’Jl
Z 1 2 9 ,‘71,02

5(4)(35 -y(7,0 T) 2)) .

(3.24)
This leads to

1 () = paB f -— —_—
G x) =M ff dvdo,daz( o o .

Therefore, when y,(7, ¢,,0,) does not have any
boundary, G'%) given by (3.24) satisfies the diver-
genceless condltlon (3.17). The surface singulari-
ties which extend infinitely will be identified as
grain boundaries in Sec. V, while closed surfaces
with small size will be found to be point defects

in Sec. VL. It is easy to generalize (3.24) into

om=u ff

drde,do,dn

o yu, yu, vl
X
ol 7, 0,50, pln)
X 6(4)(-75 = y(r, 04,03 7))

(3.26)
by introducing the weight function p(n). In this
case, the singularity at each instance 7 is a closed
volume which is an accumulation of surface singu-
larities (parametrized by n and o) with the weight
function p(n). The divergenceless condition (3.17)
is satisfied when, for fixed 1, y,(7,0,,0,,7) forms
a closed surface.

Here we have considered only those extended ob-
jects which exist at all the time. When a singular
domain has no end points in the four-dimensional
space time, the divergenceless condition (3.17) is
still satisfied. Therefore, considering a world-
sheet confined in certain time interval, we can
deal with the extended objects which exist only for
this time interval. Those instantaneous or finite-
lifetime singularities supply us with a powerful
method for study of time-dependent macroscopic
phenomena in crystals; however, in this paper we
do not pursue this direction.

As will be seen in subsequent sections, the fun-
damental properties of dislocations, grain bound-
aries and point defects can be analyzed without any
approximation. However, we frequently employ

3l7,0,] 80,

6[[3’:,33] az ) O(x =y(r, 0, 0,)). (3.25)

-
low-momentum appraoximation and isotropic ap-
proximation in order to compare our theory with
the conventional theory. In those approximations,
we have

CH(k) = ~pody;, Ci3(3)=CPi(d)=0, (3.27)
CiT&)=CiT0)=Ciy = 11(54181 +0;0y1) + AB;; 8

where p, is the density, and XA and p are the Lame
constant and the shear modulus, respectively.
With (3.27), (3.2) reads as

A45(iD) = pobBBys = w05 = (A + w)p; b; .
Therefore Green’s function in momentum space
Al p] defined by 25; A,;Gp)A sl p) =64, is

Al pl (D3 =13 51280 + (W] =03 )bs 2

* pol 2= DN pa -3 D ?)
where v, and v; are velocity of transverse and
logitudinal sound waves in isotropic media;

ve= /P2, vy =l +2)/polH2. (3.30)

In static cases, it is sometimes more convenient
to work with Green’s function in coordinate space.
Substituting

(3.28)

(3.29)

Ajk[f)]EAjk[P] |p0=0
1 1 . _Atu
= — —~ o
“ p u(h_'_zu) .bj Dr
into the relation (3.31)
- 1 - N
AM(X)=W fdspeip xAJk[p], (3.32)
we obtain
s A+3p 1 A+ X%k
ApnlE)= - wx +2y) 8wy Oe = (X +2u) 8mr®
(3.33)

Feeding (3.33) and (3.27) into (3.14), we arrive at
the useful formula for static case;
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auj(x)___ d3x’ W [ X=X 5. 4= Xj =X 5
0%, 0 4m A+2u\|'f—f'|3 BT -TP3 [T -7t
A+p 8(x; = %) (%, — %] )(xb—x{;)] ey
xT2 EPSE Gy (X). (3.34)
IV. DISLOCATIONS 1 9% 3lx, %51 _8[2;, %5, %y (4.9)
' 3 3 i 2 K agl 8[ gZ! ES] 8[ EI’ 52! 63] ’ '
In Sec. III we have shown that a line singularity
is expressed by we arrive at
G‘“’(x)=M“ff drdoﬁa[y"'y”]a@(x-y(r o). B® =f Ay dE,6(5,)0(E)M = M", (4.10)
uy ol 7,0 ’ o 2 %63 Y\5 3 :

(4.1)

Using this expression we now discuss the salient
features of dislocations.®

First we shall show that M* in (4.1) which speci~-
fies the strength of a line singularity is nothing
but the Burgers vector. To do this, consider a
static line singularity

Yo7, 0)=7, ¥i(1,0)=y;(0), i=1,2;3- (4.2)

Equations (4.1) and (4.2) show that the nonvanish-
ing components of G{%)(x) are

Cdyu0) (aye =
@)= p1 & CIRN ) S —
Gedx)=M /dc g X -F(0)). (4.3)
Applying the Stokes theorem to (3.7), we have
® = k - Q)
B —_édska u (x) /s;dS“G,, ), (4.4)

where S, is the area enclosed by path C, and
dS;; =5dx;A dx;. Since GTP(x)=€4;,GHix), (4.4) is
rewritten as

BY = [ dsiGal), (4.5)
Sc
where dS, = €,;;3dx;A dx;. We parametrize space
coordinates X =X(¢,, &, £,) such that a line specified
by &,=£,=0 coincides with the line (o). Substitut-
ing
AYl9) oz _ vy 0% L&), &, &
2RV 56BN ~F(o)) = —£ 3
do (x=Flo) 9§, 3["1: xz,xS]
xa(gl “0‘)5(&2)6(53) (4-6)
into (4.3), we obtain

_ a0 8 &, &, &
GR(x)=M" 'a‘g'f m 8(£,)0(£,) - (4.7

Without loss of generality, we can choose (&, &;)
plane as the integral surface;

l a[xi 2 xi]

45e=3 3[ &, £5]

€pidE, dE,. (4.8)

Since

Therefore, M’ is the Burgers vector. Let us de-
note the unit vector tangent to J(o) by 7(0). If

B-7(0)=0 (4.11)

happens to hold in a certain domain of o, this is
the edge dislocation in this domain, while

B.7(0)=+|B| (4.12)

corresponds to the right-handed and left-handed
screw dislocations, respectively.

We have already mentioned that a line singularity
(dislocation) should not have any boundary; infi-
nitely long or closed on itself. This is in accor-
dance with the experimental facts which show that
a dislocation line cannot end within an otherwise
perfect region of crystal, but must terminate at a
free surface, another dislocation line, a grain
boundary, or some other defect. When we have an
assembly of dislocations, the continuity property
of dislocations leads to a dislocation network. Let
us consider an assembly of dislocations {y}}, a
=1,2,..., N. We assume that 7 is the timelike pa-
rameter. We then choose y§ as follows:

yi(r,0)=7, a=1,2,...,N. (4.13)

At each instance 7, yi(7, o) appears to be a line.
In this case, G!%)(x) is given by

3 v4, vl
(@) 4) = LYy Jud 5(4)( 4 w48
Gilx) za M,‘,"f dr do 5[r.0] 8@(x - y4(1, 0)).

(4.14)
This leads to

3yt 9 o8y® @
B (o) o) = o _9Yy 9 9Yy 9
BHGILk) ;M“ f dea( 8 o7 oT 80

X 6@(x = y%(T, o))

3y,
=) Mg [ dr-=£6@(x - y%(r, 0))
D [ ar 0=y tr, 0)

a
of(r)
’
[o}

%)

(4.15)

where 0§(7) and 03(r) are the end points of the line
y%(7, 0) at time 7. Using (4.13), we have
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94 G{x) =9,;G5(x)
=Y MIsO(X
a

- 88X -y, 03] . (4.16)

On the other hand, the dlvergenceless condition
(3.17) with v=0 reads as

- ');a (t9 U‘;))

3;Gy,(%)=0, (4.17)
which gives
[ axa,6,4)=0. (4.18)
\ 4

Suppose now that a line [say y°(r, 0)] has an end
point at ¢=0%(7) which is not shared by any other
line. When we choose V in such a way that it con-
tains no end points other than y® (r, o%), (4.16)
gives

f d%x0,6(x)= M§ fora=1,2,3. (4.19)
14
This contradicts with (4.18). Therefore, assembly
of all the lines should form a network which does
not have any end point. A joint point of more than
two dislocation lines is called the dislocation node.
Consider a node denoted by y(7). The lines which
are joint with each other at y(7) will be denoted by
y°(7,0) ®=1,2,...,M). Then, choosing V to con-
tain no .other nodes than y(7), we obtain from (4.16)
and (4.18)
2 M =0, (4.20)
b

where + (~) sign corresponds to the first (second)
term in the right-hand side of (4.16). This rela-

continuity relation corresponds to Kirchhoff’s law
of electric current. Conversely, the right-hand
side in (4.15) for all v vanishes when (4.20) holds
at each node, implying that (4.20) is the complete
condition for the divergenceless condition (3,17)
to be satisfied. Therefore, the lines y(“)(r, o)
(@=1,2,...,N) at time 7 should form a network
without any end point and the continuity relation
(4.20) should hold at each node of the network.
Experimentally, the dislocation networks are ob-
served in various materials,5'®

Further application of the divergenceless rela-
tion (3.17) shows that the Burgers vector

BY = fdsk 3%, (%)
C

has the same value for any two integral paths C,
and C, which can be deformed onto each other
w1thout crossing the smgulamty. In a mathemat-
ical terminology, Bc = Bc when paths C, and C,
belong to the same homotopy class.” Recently,
Kléman et al.® have used the theory of homotopy
groups to classify the defects in crystals.

As an example, we shall consider an infinitely
long straight dislocation in an isotropic media.
Under the low-momentum approximation, the dis-
placement field due to the dislocation is obtained
as follows. In the case of a straight-line singu-
larity, we can write -

Ve(0)=00,5, =0 <o<w (4.21)

in the coordinate system in which the singularity
lies on the 3rd axis. From (4.3) and (4.21), we
find that the nonvanishing components of G{%)(x)
and G]®(x) are

tion, which means that the strength of the disloca- Gi(x) = M *6(x,)d(x,), (4.22)
tion is conserved at each node, will be referred to ) o
=M**5(x,)0 . 4,23
as the continuity relation. When we regard a net- G %) = M 3 (x,)0(x,) ( )
work of dislocations as an electric circuit, the Substituting (4.23) into (3.23), we obtain
au](x) _1 Ml[( 2x2 + A4y 4dxix, . i 2x, . A+ 4xxd .
ax, A+2u x2+x2  a+2p (02+x22) 0 T N +2u a2 402 A+2u (x2+x2P )02
2x1 o+ A+ 4xx3 m 2%, LAt 4x3 5.
+2u x24+x2 A+2u (02 +x2)? A+2p x24+x2  n+2u (x2+x2)2 ) 72
1 . %
-— M 4.24
21rM x3+x2 Ois» ( a)
au,(x)_i)‘/[1 M 2x; A+p 4xd K 2% ., Ay 4x%xp )5
ox, 4m A+2u x2+x2 A+2u (0% +x2P A+2u x2+x2 0 a+2u (x2+x2)2) 702
1., m 2, A+p o dxdx, m 2x, A+u 4xx3 )6- ]
i [<A+2u x§+x§+)\-+2u (x2+x27 n*\X¥2pn %2 +x§+h+2u (x2+x2)2) 72
s, (4.24b)




4086 M. WADATI, H. MATSUMOTO, AND H. UMEZAWA 18

du;(x)

ox, =0, (4.24c)

Therefore, outside of the singularity at x, =x, =0, the displacement fields are

_1 of %2\, AU 4% 1, X2y MEH x%= xz)
l(x)_ M [tan ( >+A+2ux +x2 ]+41TM A+2 ln(x ) 7x+2ux +x2 (4.252)
__ 1. A+ x%—x%) 1., _1(&) At X%
(%)= M (A+2u In(e3+ 2)+7\+2u x¥+x2 *oq M |tan %) A+2p x2+xZ) (4.250)
1y (x) —-l—Mstan-l(f) . (4.25¢)
1

The integral constants are chosen so as to yield simple expressions for u;(x). The formula (4.25) reduces
to the familiar results when we consider pure screw or pure edge dislocations. For screw dislocation

where M'=M?

u, (¥) =uy(x) =0, wuy(x)=(1/2m)M3tan™ (x/x, ).

=0, we have

For edge dislocation where M2=M3=0, (4.25) leads to

I - f %2 A+ X1Xs
“1(")‘2M [tan <x1)+)\+2u x2+x2 |’

2,2
ua(x)=-—1—M’< K In(x2+x2)+ Atp LL——-’—C-Z-),

47
us(x)=0.

A+2u A+2p x2+x2

V. GRAIN BOUNDARIES

Common material is not a single crystal, but an
aggregate of small crystal grains., An interface
between two single crystal grains is called a grain
boundary. We regard grain boundary as a macro-
scopic object (extended object) which has certain
surface singularity. In Sec. III we have shown that
a surface singularity is described by

(@) a8 Ly, yu, 951
Gx)=M ff dr do,do, o7, oy, 0]

X 6®(x = y(71,0,,0,)). (5.1)
We shall consider the static case;
Yo7, 01, 0,) =7, ¥,(7,0,,0,)=y;(0y, 0,)
(¢=1,2,3), M*=0, (5.2)

Then, the nonvanishing components of G{®(x) are

GR(x)= ZM"" ff do d028 vy y']]

x6X ~F(0,, 05, (5.8)

‘The topological singularity at each instance is a
surface given by ¥(0,,0,). As is shown below, the
matrix M* is related to the rotations of the re-
gions separated by a surface.

We introduce the parametrization of the space
coordinates X =X(¢,, &, &) such that surface speci-
fied by £,=0 coincides with the surface J(0,, 0,).
Substituting the relation

(4.26)

(4.27)

ST
X 6(‘51 - 0'1)5(52 —02)6(53) (5-4)

into (5.3), we obtain

(ct) alﬁ;_}_ [51’£,£1
Nx)= Z M 3 —zm e LLCIE 6.5)

Let us consider the line integral
B%= fdsk 9pUy(X). (5.6)
(o]

Path C is a closed path going below the surface
(,,=0_) from a point Q(&, &, 0) to a point

P(&%, ££,0), and then coming back above the sur-
face (£=0,) from P to @. The quantity B® is the
sum of the Burgers vectors contained in the in-
terval PQ. On the other hand, B* can be ex-
pressed in terms of M as follows. The Stokes
theorem leads to ‘

fdsk il (%) = de“G”"‘)(x)

= f ds, G¥(x), (5.7
Sc
where S, is the area enclosed by the path C, and
ds;; =zdx;Adx; , (5.8a)
9x; 9X; 9x; 9x;
dSk=€,m(3; Pag,ds, + ag‘agdszdgs). (5.8b)
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Using the explicit form of G{$X(x) given by (5.5) in
(5.7), we arrive at the relation

Su [ ( atdty + 5 de,dt,) o)
P ax
_ZMMI( dsz+5—;d£\)
=2 My, (5.9)
1

where V is the vector from point @ to point P;
Vi =x,(&], £, 0) = x, (&, &, 0). (5.10)

. The matrix M* determines the misorientation
of grains separated by the grain boundary. We
suppose that grain A and grain B are rotated by
@,=6,34 and &y =0,3° with respect to the refer-
ence crystal, respectively. Here d' (i=A,B) is

the unit vector which specifies the axis of rotation, ‘

and 0,(i =A, B) denotes the angle of the rotation
around &’ axis. Let us introduce vectors \7,, and
V-; V+ is the vector from a point @ on the surface
to a point P, in the grain B and V_ is the vector
from @ to a point P_ in the grain A. The dlsplace-
ment of the vector V due to the rotation g in the
gram B-is given by uB (V ), while the displacement
of V. due to the rotation & 4 in the gram A 1s gwen

y G4(V_). Therefore, in the limit of V,=V_=V,
we have

*A(v’)__(eieA'ﬁA'—I’ l)f/",
B(V) (ezeBa l)V

where J; is the generator of rotation around the x;
axis. On the other hand, the line integral

fdsk 3 (x)
c

gives the difference of the displacements &° (V,,)
and GA(V _ ), where path C is a closed path QP.P_Q.
Then, con51dermg the limit V =V.=V again, we
have

(5.11)

=3B(V-3%) -84V - 34) +[ V - 2B(V - 32)] cosd,
[V =34V d4)] cosb,, +sing, (Vx35)
-sing, (V x34). : (5.14)

Let us consider the case 34=-34%=4d. Inthis
case, the reference crystal can always be orien-
tated in such a way that 6,=65=36, and therefore
(5.14) reduces to

B=2(Vxd)sink6. (6.15)

This is the Frank’s formula®:® for a large-angle
grain boundary. When d is contained in the plane
of boundary, the grain boundary is called a tilt
boundary. When d is perpendicular to the bound-
ary plane, it is called a twist boundary. In gen-
eral, a boundary is of mixed character, containing
both tilt and twist component.

The following comments require special atten-
tion. First, the statement that the matrix ¥
determines the misorientation of grains (A and B)
separated by the grain boundary does not imply
that the displacement fields in grains A and B are
different only in the orientation. In general, the
displacement fields on each side of the boundary
contain not only rotation but also expansion (or
contraction). Second, in the discussion from
(5.11) to (5.15), assumption that there is no ex-
pansion (or contraction) on the boundary suvface
was used. Here “on the boundary surface” was
emphasized since certain expansion (or contrac-
tion) is permitted inside each grain. 'We shall
come back to this point at the end of this section
where expression of the displacement field in both
grain will be explicitly presented.

It is possible to derive a continuity relation for
grain boundaries in a way similar to the derivation
of continuity relation for dislocations. We consider
an aggregate of grain boundaries (¢=1,2,..., N)
expressed by

G‘f),(x):aZM;‘:" fff drdo, do,

e a ,a a

fdskakuj(x)wf(v)—u;‘(v). (5.12) o 3198, 9%, ¥

c _ 8[7, 0y, 5]
Using (5.9), (5.11), and (5.12), we obtain ‘ x 6@(x ~y*(r, 0,, 0,))

M;; =(616533-T - eieAEA.T)ij (5.13) (5.16)
and When the system is static, (5.2) leads to

o) aB 9yp 8 _3%8 0 oo\ -3¢
3* G (x) = Z ;M f do, do, (802 50, " 35, 30, 88X - §%(0,, 03))
- Z ZM“BI ds ( CALRY ) 5E =20y, 0), (5.17)
a0 3

where dS; =do,do,. We now construct the three-dimensional ¢ space by introducing the spurious parameter
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0;. Then, making use of the Stokes theorem, we can rewrite (5.17) as follows:

P*Gx) = Z Z Maﬂfds (_ 8ys 3 )6(3)(x -¥40,, 0,))

-Z EM“de§~——x— 5% -§%(0,, 0,))

_Z ZM"B de"—G(S)(x

The path C, is the boundary of surface yi(o,, 7,).
A joint line of more than two grain boundaries is
called a nodal line. Consider a nodal line C para-
metrized as §(o). The boundaries which meet
along the line J(o) will be denoted by 7°(c) (b
=1,2,...,M). Then, the divergenceless relation
(3.17) requires that the following condition should
hold on the line

2 @MEPrg(0)=0 (@ =1,2,3). (5.19)

b B
Here n(0)=0¥/90 is the tangential vector of line C
and + sign is specified by the direction of path in-
tegralin (5.18). The relation (5.19) will be re-
ferred as the continuity relation for grain bound-
aries. Similar to the dislocation network, it is
known® that grain boundaries make the cellular
structure. The continuity relation (5.19) indicates
that, in general, three boundaries meet along a
nodal line. As a special case, let us consider the
case b =1, that is, there is only one grain bound-
ary. We notice that (5.19) is satisfied when only
one component of 7 (say, #,) is nonvanishing and
M (@=1,2,3) are zero. Therefore, a grain
boundary can end within the crystal. This is an
example of the disinclination (or rotational dislo-
cation).®
So far the discussions in this section are far

from any approximation., We shall hereafter dis-
cuss the properties of a flat grain boundary by em-
ploying the low-momentum approximation and iso-
tropic approximation. Let us consider a flat sur-
face singularity given by

yl(op 0,) =0y,
Y., Gz)= Oy,
ys(o'p 02) =0.

From (5.3), (5.20), and (3.16), we find that the
nonvanishing components of G$(x) and G[(x) are

CGx) = =G (x) =M 25 (x,) ,

(5.20)

(5.21)
GRx) = =G (x) = =M *16(x,),
GO (x) = =GN x) =M 26 (x,)
23 3z (%) (5 (5.22)

G;‘](a)(x) = ‘Gfsf""(x) = —M“lﬁ(xa) ]

¥(01, 02)).

(5.18)

—
In terms of Fourier transforms, (3.14) reads as

au,(x) - ch(o)f{—;—‘;’aip,,Aj,,[ﬁl

kR, a,b
XGi®[ple'P ¥, (5.23)

where G;¥)[ Bl is the Fourier transform of G{®);

GIVIB]= [a*x Gl PF (5.24)

The nonvanishing components of G;¢)[ p] are
GIPIB]==GIP[ Bl =M'2(2mP5(p,)5(5,)
GIPLBl==GIP[ Bl = -M"(27)25(,)6( ) .

Substituting (5.25), (3.30), and (3.26) into (5.23),
we obtain

(5.25)

du; du;(x
2 arrn), e,
) (5.26)
ui\x .
T]x;-:(-MSlé“ -M*5;,
T +M22)6,3)Io(x3) ,
where
. 1 i ipgx
Io(x3)=-2? dpap—e 3%3, (5.27)
3

Let us denote the stress tensor by o;;; 0;; is the
jth component of the force per unit area on a plane
whose outward normal is parallel to the positive
x; direction. According to Hook’s law, we have

oy, du; ou
0= Zcima_f=ﬂ-(5;" 0%, )"‘7\5;1(V a).
R,1 1
(5.28)

It is remarkable that the free surface condition,
0,,=0 (¢=1,2,3), is automatically satisfied as can
be seen from (5.28) and (5.26). We impose the
boundary condition for the integral I(x,) as follows:

= 13 _1_ __l___ ipgx
I°(x3)"e11-r§+21r fdpsps +ie € :

_{o, %3>0
1, %30

(5.29)
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Therefore, the displacement field u;(x) outside of
the singularity at x, =0 is given by

a(x) =0 for %3>0, (5.30a)
U(x)=UX for x,<0, (5.30Db)
where the matrix U is
MY M2 M8t
Uy= | M M2 —Me . (5.31)
M3 M2 - )\:\2“ (M + M%)

If the displacement field u;(x) is expressed by an
orthogonal matrix T ; as

(x)=0 for x,>0, (5.32a)

(5.32b)

the grain in x,<0 can be brought into the same
orientation as the grain in x,>0 by a pure rotation,
that is, the grain in x,<0 is the perfect crystal.
However, it can be proved that (/+U) is not an
orthogonal matrix except for a trivial case U=0.
Therefore there is always the expansion (or con-
traction) in addition to the rotation. As an ex-
ample, consider the rotation around x, axis:

t(x)=(Tz—=I)X for x,<0,

cosf sing O
Tg= { —sind cosd 0 |. (5.33)
0 0 1

The requirement (5.32b) at x, =0 leads to ¥ !1=4/22
=cosf—-1, M¥2=~M?'=ging, and M3 =M32=0,
From (5.30b) and (5.31), we have

Xy 0\
- 21
Wx)=(Tr=1){ x, -m(cose—l) o},

X3 Xg

implying that the expansion (or contraction) along
the third axis is associated. There are two ex-
ceptional cases. First, when the rotation is in-
finitesimally small, deviation from the pure ro-
tation is the second order of 6. Therefore, the
displacement field can be approximated by pure
rotation. Second, on the plane x,=ax, +bx,, one
can satisfy the relation (5.32b) by suitable choice
of matrix M, Specially, we can choose matrix
M*¥ such that the displacement near the surface is
pure rotation. This is easily seen from the fact
that the third column of the matrix U has no con-
tribution at x; =0. Now it is instructive to recall
the derivation of Frank’s formula (5.15). There,
it is implicitly assumed that there is no expansion
(or contraction) of the structure near the surface.
The above discussion shows that this assumption

is not quite general. Even when the assumption is
satisfied, the effect of expansion (or contraction)

manifests itself for large angle case or in the re-
gions far from the surface. In our formalism for
grain boundaries, proper choice of the matrix M i
enables us to prepare a surface both with rotation
and expansion (or contraction) components.

VI. POINT DEFECTS

In Sec. III, we have shown that a closed singu-
larity in three-dimensional space is expressed by

oo
GLAx) = ;M"‘B f f f drdcldozdn%%p(n)

X 5(4)(" - (7, 01509 n)).
(6.1)

When p(n) is of a finite range, the singular domain
is confined in a finite domain of three-dimensional
space. For example, the closed surface (3.24) is
obtained by the choice of p(n)=6(n-R), R being
some constant. We now consider the static spheri-
cal objects;

yu(T! 04503, 71)
=(7, n8ino, coso,, n sing, sing,, ncosc,),
0sn<», O0so,<m, O<o,s2m. (6.2)

Then, the nonvanishing components of G%9(x) are

X,
GE(x)= 2 M eins L)
B

3
= ;Mocse,.kﬂ Jk—o(ﬂ’ (6.3)
where » means |X|=(x2+x2 +x2)!/2 and
3
plr)=5-0lr). (6.4)

In the following discussions, we assume that p(r)
and o(») are of finite range;

pr)=0(r)=0 forr>R. (6.5)
From (6.3) and (3.16), we have

G x) =M & %"p(r) -Mom x;,’-p(r)

—arg ol __a___ am__a_‘_
=M P ol»)-M ox, o). (6.6)

We regard a point defect as the macroscopic ob-
ject (extended object) which has certain closed
singularity in space. When use is made of the
low-momentum approximation, the displacement
fields around the point defect in an isotropic media
are evaluated as follows. Substituting (6.6) into
(3.24), we have
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ui(X) __ . im 200+ m 8 2 piy At im 892
3%, Mmel)+ S A+24 ZM 9%, 0%, A+2u ZM ) %J,(x)
Jb__ T Y ..2_ 'b___.._
[EM 1) + ZM axlz(x)+“2.“(§l:M )ale(x) ——&quzM o 5 1)
(6.7)
where
d3x’ 1
I(x)_ an i—i' (7(1’ ), . (6.83)
_(d%x x-x] ,
Ji(x)= I T;—_—_iq-a(’r ). (6.8b)
In deriving (6.7), we used the relations
3(xj—x])(x,—x,)(x,,—x,,) 8 8 xj=x] Xy = X{ Xp = X} x5 = %]
[Z-x1° 8x, o -] Ta-xF ot Ta-n P " TR-m PO

’ 2
2 s {=eH)- 3 i (o) --4r0” 650
Hereafter we consider the case where singularity is on the sphere with radius R;
o(r)==-6R -7), plr)=5(r~-R). (6.9)
When the formulas
Anfys, v’ >v

1
dQY === , 6.
f [Z-%" {41”,7 (6.10a)
b

v <r

, H iu(x; /v’ >
Joo 55 ={ Fnla/r), vz (6.10b)
$n(x;/r3w'?, v’ <r
are used, the integrals in (6.8) are found to be
—équlj, >R
I(x) ={ ' (6.11a)
-3R*+1r2, O<7r<R,
-l 3 1L 1(x. /2r3)\R5 , :
Jj(x)z{ S(xj/y)R +15(x1/7 R s Y>R (6.11b)
~3x;R?+ dxv2, 0<7<R.
Substituting (6.11) into (6.7), we obtain
dui(x) _rim_ 8 [ 3A+8p 14 iv BA-2u 1
3ax,, =M 1502 (ZM % +Z M x,,) T1I50+20) (Z M )x,] for 0<7<R (6.122)
dui(x) _ 3 JR:[ wu 17 ib ll)] R® [)\"'H- 1i ib 1
e ax,,,{3r3 i ZM x,+;M x,,-x,ZM tEs h+2u<},:M x,+zb:M x,,+xj'ZM
At+p ( R® R® 16 ~
A+2p( 75+77)x,- §M %, %,¢ for r>R. (6.12b)
These results lead to the following expression for the displacement fields around the point defect;
2 6)\"’11].1. jb 1 3h+8[J. _l_3?t—2p. 11
(%) =15 X+24 ;M 715 x+2u Z Y1715 N+apu ZM %y 0<r<R, (6.132)

__R® 15 ib o) _R> Aty 1 ib u
u’(x)—_373h+2p.(le x,+;M x,,-x,-ZM ~5, 5 %12 zZM x,+zb:M x,,+x,-;M

3 5 .
_—"l“—(jis_’i—)x, T, roR. (6.13b)
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The volume expansion (or contraction) evaluated on the sphere due to the point defect is given by

Av=f d%.(x). (6.14)
r>R
Substituting (6.13b) into (6.14), we have
= AT e 3a+2p 1
AV=-"R “2“213114 . (6.15)

This constant does not depend on the radius of integral sphere as far as » >R,
According to (5.28) and (6.12), the stress tensor o;; is given by

oy (OAF14L o is sy, 14X 40 )
s (15<x+zu)"” HM) + Ep e O 2 M) s 07 <R, (6.162)

= A_ R} oAty R° 1 i i s
c:”—u(—)L Ton r5t a2, F)[x‘ (ZI:QVI % +;M Xy ) +; ZM“xz +;M‘ xb)

R® A+u R® R®  A+u RS
+“(_J—_5+_‘L—7) 2y 3, M -“(h+u2u 3 A+2L:L 57 % )2(M“+M“)
1

p=A R® A+p Rs) " A+ (533 7R5>
+“(h+2u 373 A+2u 57° 26"2M T 2xix,ZM %1%

__ B _R® A+yp R)
+“’( =>t+2/.l.’}’5+7t+2p,’r 251! ZM %Xy, V>R, (6.16b)

The stress tensor o0;; tends to zero as v -, which implies that no external pressure is needed to keep
this point defect in crystal. We define o,, by

X Xj
o, = ; 2oy, (6.17)
Since (6.16) and (6.17) lead to
2 9A+14& i,xix] 2 7A.+2H_. 11
. = (15 X +20 ;}M LR MZHZM » 0<7<R, (6.18a)
- "
_2_9A.+10}.L.Bj gé )\+[.L R ) i3 XX _Z_Rs _8- A+]J. R ) 11
""(3 A+20 ¥3 B A+2u ¥ ,Z';M 72 +“(-3r 55 A+2u 7® EM » ¥R (6.18b)

we find that o,, changes continuously through the singular surface » =R. Unless the choice of M* is re-
stricted, the stress o,, has certain angular dependence. When the angular dependence is averaged out, we
obtain a simple relation between the volume expansion (or contraction) and the averaged stress:

4u(37t +2u) R® b
(arr>r>R 47,.[ aQo Opr = 9(7t+2[1) 7’3 Z —WTSAV. (6.19)

To simplify our discussion, let us choose diagonal M*:
=Ms,;. | (6.20)

Then, the displacement field u;(x), the volume expansion (or contraction) AV and stress tensors o;; and
o,, have simple expressions as follows.

4
3A+2qui, 0<7<R (6.21a)
u;(x) =
2u+32
3(h+2“‘)M78xh r*>R, (6.21b)
_ 2u+3x 4w 3,
AV==S M (6.22)
4 u2up+3))
g2l 3 At2u Mby;, 0<7<R (6.232)
ii—
3
o BCu+3N)  RP 2 p(2u+3)) M 5y, 7>R (6.23b)

A+20 ¥ N TY T2
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4 w(2p+32) .
o 3 A+2p M, 0<7<R (6.242)
rr 3
4 pur3nRE (6.24b)

3 A+2u ¥

In this case, V-U(x)=0 for » >R. Therefore, AV
does not depend on the choice of integral surface
as far as integral surface does not cross the sin-
gularity at » =R. In other words, AV is a topolog-
ical constant.* The strain energy density w is

1 du; du, _1 ‘
w=3 2 Cumz 5y E ,jax (6.25)

Making use of (6.21) and (6.23) in (6.25), we get
8 p2(2u+32)

3 O+ 27 M?, 0<7<R (6.26a)
w =
2 p(2u+3r)? RS
3% 5, 7>R. (6.26b)
Therefore, the total strain energy W is
W= [ i) dsx=2p 2)\“:;:‘ w4 g2, (6.27)

It is reasonable to expect that the volume expan-
sion (or contraction) due to the point defect is the
order of the unit cell volume per atom. Therefore
when we roughly take R ~a (a; lattice constant) we
find from (6.22) that M is of the order of 1. Typi-
cal values of A and u are known to be order of 102
dyn/cm?. Then, the total strain energy is roughly
1 eV, which agrees qualitatively with the energy
for the formation of a lattice vacancy.!

VII. SURFACE WAVES

In Sec. V we have presented a new theory of
grain boundaries, where grain boundary is treated
as an extended object with surface singularity
created by the boson condensation of phonons. In
this section, we shall apply the theory to the prob-
lem of surface waves. In particular, we shall
show explicitly that the dispersion relations of
surface waves in isotropic media is obtained by
considering the oscillating surface singularity
with free surface condition.

In terms of Fourier transforms, the displace-
ment field «;(x) with topological singularity is ex-
pressed as

3, ; 4A h c;\p GT(!) zpra
u;(x) = kzz: E f(27f) i P(D)iby [P]

(7.1)

Here px=-p,t +p+X, and A;[ p] and G]¥[p] are
the Fourier transforms of the Green’s function
Ajp(x) and G,’;f,”(x), respectively. In order to com-
pare our theory with the conventional one,*? we

shall employ the low-momentum approximation
and isotropic approximation. Thus, we shall use
(3.27) and (3.29) for C)P(p) and A,.[p].

Let us consider an oscillating plane surface sin-
gularity given by

G(x)= M""‘fff dr do, do, af’“y '3’]]

X8 (x =y(r,0,,0,)), (7.2)
with
Vo(7,0,,0,)=7, 9,(1,0,,0,)=0,,
¥5(T, 01, 0,) =05, 5(7, 04, 0,) =A Re(e®*), (7.3)

where Re means the real part of the quantity and
£=q0, - wT. Then, we have

9
Gx) = €ypr M P 5—;;\-8(953 —-Acosn), (7.4)
Gl =Mg 5 ,,G(xa - A cosn)
—1/!1‘,"5—79(x3 -Acosn), (7.5)

where n=qx, - wi. For the subsequent discussions,
we expand G, in power series of A;

GI®(x) =H Q%) +AKQ(x) + -+ o, (7.6)
HE)x) = (M 50,5 = M§5,,5)6(x5) , (7.7)
9 5
K(,f‘g(x)=—<M,‘j‘ax o Bx“) Re(e)6(x;) . (7.8)

First let us consider only the zeroth order with
respect to A. The static condition #(x)=0 for
A =0, leads to M*°=0, Then, (7.7) is the same
as (5.22). In Sec. V, we already evaluated the dis-
placement field, (5.26) with (5.27), and the stress
tensor, (5.28). There we have observed that the
free-surface conditions, 0;;,=0(i=1,2, 3), are sat-
isfied. In order to study the surface wave only,
we requiré that u;(x)=0 for A =0. We therefore
take M2, M2, M3, M2, M*'', and M?? are zero,
hereafter.

Let us now turn our attention to the first order
terms of A, The nonvanishing components of
K% [ p], the Fourier transform of K%)(x), are

KQIpl=-kQ[p]
=1(27 M “wd(po— w)6(p, = 9)5(b),
(7.92)
KR[p1=-k{p]
=i(2m)° M *3q6(po = w)d(p, = q)5(p,).
(7.9b)

Substituting (7.9a) and (7.9b) into (7.1) and using
(3.28), we obtain
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au’—Re(—zA ZZC M‘sp ax

x[1,(x)5 +Jik(x)])’
(7.10a)
?_7’_‘1'___.0, (7.10Db)
ax,
)

—:1=Re(A Z WM 1,(x)8;; + I, (x)]
3 ]

+iA D, Y cymis L
k1 a ' Po

9
x'az[ll(x)ﬁjk + ij]) s

(7.10¢)
dus __du(x) __w oy
9%, at q3x,’ (7.10d)
where

(¢*+K3P - 4K ,K,* O
0 viK?
0 0

The first, second, and third rows in (7.13) corre-
spond to the conditions 7,,=0, 0,;=0, and g,3=0.
The conditions for a nontrivial solution are

(g2 +K2)*=4K,K,q?,
M®=0,

(7.14a)
(7.14b)

When these conditions are satisfied, a surface
wave exists. Eliminating K, and K, from (7.14a),
we find that the dispersion relation for the surface
wave is

w=qu;a. (7.15)

Here a is given by

a®- 8a4+8a2[3 -z(%)z]- 16 [1 - (Z—f)z}oa
(7.16)

Formula (7.15) with (7.16) is the well-known re-
sult for surface wave first investigated by Lord
Rayleigh.®®

In the derivation of the dispersion relation (7.15),
the condition 0< @2< 1 was assumed [see (7.12)].
We can show that (7.16) has always a pair of real
solutions @ and —a satisfying 0<a?<1. To prove
this, let us first set

(? +K3)P - 4K K ,q°

I,()= f

P‘_I‘TG“") - w)d(p, =q)d( p,)e**

1 xg
= 2Ktv‘§ekt 3¢in | (7.11a)
d* 8(po = w)5(py ~q)d ipe
== [ 3 R A P
1

1 . : x
=-2?(17t (@01 =K 18;5)(q0s; = K Opg)e"t ™3

1 ) . ;
& (@83, — iK,6;5)(q0s — zK,s,,,)e"”‘S) e,
(7.11b)

The calculations of 7,(x) and J;,(x) are conditioned
by the requirements I,(x)~0 and J;,(x)— 0 as x,
=-=, and we used the notations

K2=q¢% - w2/y?, (7.12a)
Ki=q* - w?/v}. (7.12b)

We require that the surface given by x,=0 is a

free surface. The free-surface conditions, 0;,=0
(¢=1,2,3) at x,=0, with (7.10a)-(7.10d) yield
MIS
M* }=0, (7.13)
M33
3 v\ | v:\?
f(¥)=y*=8y>+8y|3-2(—L]) |-16{1-(-L) |.
Uy U
(7.17)

Here y=a?®. Since (v,/v;?=u/(A+2u), the quan-
tity (v,/v,)? takes the value between 0 and 3,

0< (v/v,P<%. (7.18)

It is readily seen that

F0)=-16[1-(v,/v, Fl< 1 (7.19a)
f()=1>0, (7.19b)
and, for 0<y<1,
F(¥)=3y2+16(1 =y) +8[1 = 2(v, /v, ] > 0. (7.20)

The relations (7.20) and (7.21) imply that f(y)=0
for certain y (0<y<1). Therefore, we conclude
that there exists a surface wave whose phase ve-
locity is always slower than transverse and longi-
tudinal bulk sound waves.

It is instructive to summarize the differences
between our method of derivation of the surface
wave with the conventional one.

(i) In our method, while 8, u,(x) is single valued,
u;(x) is not single valued. Therefore, u;(x) cannot
be expressed in the form of Fourier transforma-
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tion. However, in the conventional method, the
single valuedness of u (x) is assumed and # (x) is
the sum of a plane wave.

(ii) In the conventional method, the transverse
and longitudinal components are superposed to sat-
isfy the free-surface condition. The relations ob-
tained from the free-surface condition are ex-

pressed in terms of the transverse and longitudinal -

components, and diagonalization process is neces-
sary in the derivation of the dispersion relation.
On the other hand, in our method, the free surface
conditions 0,, =0 and 0,, =0 independently lead to
the dispersion relation as can be seen from (7.13).

Although we have considered only a linear sur-
face wave, the nonlinear properties of surface
waves can be easily taken into account. When the
complete form of (7.5) is used in the evaluation of
(7.1) and the free-surface condition on the oscillat-
ing surface x; =A cos(gx — wt) is imposed, certain
self-consistent relations among w, g, and A are
obtained. These relations lead to a nonlinear dis-
persion relation for the surface wave.

We remark that our theory of surface wave can
be applied to other physical systems, such as sur-
face magnons, surface properties of superconduc-
tor, and surface excitations of “bag” in relativis-
tic field theory.

VIII. CONCLUDING REMARKS

In this paper we have presented a general theory
of extended objects in crystals. As examples, dis-
locations, grain boundaries, point defects, and
surface waves were studied in detail. Besides the
general discussions, we have employed the low-
momentum approximation and the isotropic ap-
proximation to evaluate the physical quantities
associated with the extended objects. The motiva-
tion for using these approximations is to compare
our results with those obtained by the conventional
method. In the following we briefly show how we
can improve the existing phenomenological theory
which is essentially based on the classical theory
of elasticity.

For this purpose, we expand Pj§, T%;, and »" in
powers of U;

PYx)=PP +PP +..., (8.1a)
L)=TE+TE +.00, (8.1b)
n*(x)=vE) +n O(x) +n @)+ oo . (8.1¢c)

We then obtain from (2.53), (2.54), and (2.55)
PP)== 27 pis(=i9)iy(x)
i

DIPITNCANCI M E IO
o (8.2a)

T (%)= Z Ci¥(=i V)V 4ty (x)
1

3 Y TE (=i V) (=i V )y (), (8.2b)

A#==-14,1
1 N
)= D Vipiy(= V)it (x)
T

35 2@ ail=i V) (=i Vs (x). (8.2¢)
A#=1 1,7
These quantities are called the linear momentum,
stress, and density, respectively, while the quan-
tities with superscript (2) are called the bilinear
momentum, stress, and density, respectively.
The continuity equations (2.35) and (2.37) now
hold among quantities with the same powers of :

9 . 1 o> = -
577 w) + 2 V- PO =0, (8.32)
9 . ;
a—tP(‘.’)(x)+Z v;T%)(x) =0, (8.3b)
J

fori=1,2,....
-1 =
)’)\k('lv)=-ﬂ7 Z (Vimk(-zv)
cX darnn-i9), 6.42)

PNES |

The relations (8.3) with (8.2) give

ink(—i—V.)= Z (er‘5i)\(—i—v.)
i

5> a’gwrﬁw(—ﬁ))w;;(-ﬁ),
M (8.4b)

where Qdal =de3x 2, &)V;¢, (X). The above re-
lations indicate that y,, and v;,, are determined
by Tjixe V -

The body force per unit volume is denoted by F
which is equal to the time change of the linear mo-
mentum

Fl)=- a—atﬁw ). (8.5)
Hence, (8.3b) gives
Filo)=+ 2, v,7 fx). (8.6)
J

The usual phenomenological theory of elasticity
can be reproduced in our method under the follow-
ing assumptions.

(a) All the higher terms indicated by dots in (8.1)
are neglected.

(b) Terms containing the periodic functions in
P®, 7®, and n® in (8.2) are disregarded.

(c) The bilinear momentum and stress are ap-
proximated by the energy-momentum tensor of the
free field.

(d) The momentum dependences of the effective
density p;; (k) and the elastic constants Ci(k) are
neglected.
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Under the assumptions (a), (b), and (c), we have

P(i‘)(x)= - Zp”(-ig)f‘j(x); (8,73)

T )= CiM=i VIV (), (8.7b)

RO (@)=t 3 0, (=i TV,0), (8.7c)
and -

P(,-Z)(x) =- E Prr (= Z_V’)“t (%)2 24 (x) (8.8a)

R,

786 = (w6 =3 T aedow (- 190 () o
2,1

+ 3 TREV (%), (8.8b)
13

T =Y T Px)iylx), (8.8¢)
i
=T Q) =3 T (6o (= 9y () + (),
i (8.8d)
where
0 =3 3 L el =iPem®.  (8.9)
i,J I,m

Equations (8.8) are derived from the energy-mo-
mentum tensor of the free field with'the Lagrangian

1 \ L.
£400)=5 3 (@i (= i Viy(x) = w(x).  (8.10)
i _
Note that continuity relations are satisfied:
By 1+ = ‘
=, 1) —_—g.p® =
Yid (x)+MV PY(x)=0, (8.11a)
9
57 P00 + ; v, TH)=0, (8.11b)
a
57 P26+ 20 v, T8 =0, (8.11c)
J

() + 3 Vil i () =0 (8.114)
We point out that the energy density (8.8d) agrees
with (2,51). The body force per unit volume, F(x),
can be calculated by means of (8.6) and (8.7b) as

Fi(x)=23 25 CIr=i9)9,9,u(x). (8.12)

i Lm )

Thus, all the equations agree with the usual mac~
roscopic theory of a material (theory of elasticity)
provided that we further adopt the low-momentum
approximation (d) in which the effective density
p;;(= V) and the elastic constants Ci'(-iV) are
replaced by p;;(0) and Ci*(0), respectively. Ob-
viously, at the low-momentum approximation, the
relation (8.7b) gives Hooke’s law.

Our argument suggests how the phenomenological
theory can be improved. When the Lagrangian is
specified, quantities such as n;;(&), p;;&), C7 (&),
and T'%;, (k) can be calculated, for instance, by
means of the Bethe-Salpeter equation. The calcu-
lation of the higher-order terms in (8.1) can be
performed by means of the Feynman-diagram
method. Furthermore, the effects of the crystal
structure are taken into account through the ex~
pansion in terms of the orthonormal set {¢, (%)},
as it is seen in (8.2). These improvements in our
theory will determine the detailed structure of ex-
tended objects in crystals, for example, the so-
called core structure of the dislocation.
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