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The attenuation of long-wavelength elastic waves is studied in a glasslike harmonic chain. The
structural disorder gives rise to a phase incoherence of an initial plane-wave disturbance. In addition
the dynamic disorder introduces a phase incoherence and an exponential localization of the normal
modes. The phase-incoherence contribution can interfere with the structural disorder since the spring
constant is strongly correlated with equilibrium separation. To calculate the attenuation the
long-wavelength normal modes must be explicitly constructed. This is done by a slight modification of
the state-ratio method of Matsuda and Ishii, and a straightforward extension of this method from the
random mass chain to the random spring-constant chain. In the absence of structural disorder, the
attenuation of the average displacement is shown to have equal contributions from the phase incoherence
and from the localization of the modes. With structural disorder, when the spring constant is a
decreasing function of equilibrium separation, the attenuation is decreased by the interference between
dynamical and structural phase incoherence. The low-frequency limit of the density of states is also
calculated. It is related to the sound speed exactly as in the ordered case.

I. INTRODUCTION

Recent experiments at low temperatures' have
focused attention on the low-lying vibrational modes
of glasses. Although anharmonic mechanisms may
have to be invoked to explain some of the results,
our extremely limited understanding of the disor-
dered harmonic solid strongly inhibits serious
theoretical work on the problem. Long-wavelength
elastic waves are observed, but we know very little
about how fluctuations modify the plane-wave nature
of the associated normal-mode amplitudes. Per-
haps there are also a class of fluctuation-dominated
low-lying modes which are not wavelike. In two
or more dimensions there is little to guide such
speculations. In one dimension, however, there
is a vast literature on the disordered chain, most
of it concerned with a random distribution of
masses on a lattice with fixed spring constant. A
small part of this literature deals with wave propa-
gation, and the theoretical methods are well enough
developed that a detailed understanding of fluctua-
tion effects on the low-lying modes is possible.

Consider first the random mass chain with the
mass m;, at the jth site a random variable with
mean M and variance M2u?. At low frequencies
a perturbation expansion in (m; - M)w? is natural,
and has been carried out by several authors. In
particular, Maradudin, Weiss, and Jepsen® used
many-body perturbation theory, and Chow and
Keller® used the language of wave propagation in
random media. They both calculate the effective
propagation constant for the average displacement
(u). For a chain with spring constant I" and lattice
spacing a, the result to lowest order in w is

k=ky+2ivat (1.1)
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where

ko = (Mw? /Ta?)2
and
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A more rigorous study of the propagation of low-
frequency elastic waves in the random mass chain
was carried out by Rubin, * and extended by Matsuda
and Ishii.® Matsuda and Ishii considered the as-
ymptotic behavior of the state ratio z; =u,/u,_1.
They found that

1z,1 ~¢” for large j. (1.2)

The apparent factor-of-2 discrepancy between Eqs.
(1.1) and (1.2) was noticed by Chow and Keller,®
and a correct qualitative description of its origin
is given in the introduction to a recent paper by
Chow.® That there will in general be a difference
between the localization distance defined by Eq.
(1.2) and the attenuation length for the average
Green’s function given by Eq. (1.1) has been ex-
plained recently by Thouless.” The attenuation of
the average displacement arises partly from local-
ization and partly from a phase incoherence due to
fluctuations. For our extension to the glasslike
chain we need to carefully separate these two con-
tributions. We returnto this pointindetailinSec. III.

In one dimension, structural disorder of the
equilibrium positions does not affect the normal
modes. In the absence of dynamic disorder these
have a constant phase change from one site to the
next. A typical wave-number-dependent experi-
mental quantity such as the displacement-displace-
ment correlation function (uu(k, w)) will, however,
reflect the structural disorder. An initial plane-
wave disturbance is a superposition of normal
modes of slightly different frequencies, and will
thus decay due to phase mixing. In an earlier
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paper, ® an example of this phenomenon has been
worked out in detail. In Sec. II we extend the
long-wavelength limit of Ref. 8 to the case of ar-
bitrary probability distribution for the equilibrium
separations. The Lorentzian line shape follows
naturally from the application of the central-limit
theorem to the probability distribution of the dis-
tances between widely separated sites.

In Sec. III we construct the long-wavelength nor-
mal-mode amplitudes of the random mass chain.
We use a slightly modified version of the state-
ratio method of Matsuda and Ishii. The resulting
amplitude contains a phase incoherence and an ex-
ponential localization. We then consider the cal-
culation of the correlation function (uu(k, w)). The
central-limit theorem can be applied to the phase-
incoherence contribution just as in the structural-
disorder case of Sec. II. The phase incoherence
and localization each contribute half of the line
width of (uu(k, w)). The two contributions together
agree with the perturbation calculation of Refs. 2
and 3.

In Sec. IV we consider the chain with fixed mass
and random spring constant I';. A straightforward
transformation shows that the force in each link
obeys the same equation of motion as does the dis-
placement in the random mass case. The only
change is that the relevant random variable is now
I'/T, instead of m,;/M. In the low-frequency limit
the displacement is simply related to the result of
Sec. IO for the random mass chain. Again half
of the damping for the average displacement comes
from phase incoherence and half from the localiza-
tion of the modes.

In Secs. III and IV we also consider the low-fre-
quency limit of the density of states. Using a re-
sult of Schmidt, ® this is easily calculated in terms
of the low-frequency limit of the stationary prob-
ability distribution w(z) for the state ratio z. The
latter is explicitly given by Matsuda and Ishii. The
final result, which is not surprising, is that the
sound-wave modes are responsible for all of the
zero-frequency contribution. The low-tempera-
ture heat capacity in one dimension is thus linear
in 7, and is given exactly by the Debye value.

In Sec V we consider the glasslike chain in which
the equilibrium separation is random, but the
spring constant is a given function of equilibrium
position, The phase incoherence due to structural
and dynamic disorder then interferes. When the
spring constant decreases with increasing equilib-
rium separation, as is physically reasonable, this
interference is destructive. A simple illustrative
example is worked out.

II. STRUCTURAL DISORDER

Following Ref. 8 we consider the correlation
function
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where R, is the equilibrium position of the jth atom,
and V,(#) is its velocity at time ¢. We introduce an
orthonormal set of exact normal modes C; satisfy-
ing

ﬁ CrCY™*=5,,, i CrC*x=5y,.

In the dynamically ordered chain, the normal-mode
solutions for periodic boundary conditions are

(2.2)

clu :N-uz eZﬁul/N’

N (2.3)

v=1eesN,

Expanding in terms of these normal modes we
write

N
¢k, t)=N" 2 F(v, k) cosw,t, (2.4)
v=
where
FlyB=Y CyCrretkEriy, (2.5)
1,i

The Fourier transform ¢ (%, w) is then given by
¢ (B, w)=p(w) Flv,, k), (2.6)

where p(w) is the density of states, and v, is the
inverse function to w, and gives the mode number
as a function of its frequency. We note that v is
restricted to be positive, and we will explicitly
consider only positive w, Since ¢ (&, t) in Eq. (2.4)
is an even function of time, ¢ (%, w) is an even func-
tion of w. Since

o (B, w) = w? uu(k, w)),

the displacement-displacement correlation function
is determined by studying the function F(v, %) de-
fined by Eq. (2.5).

The above discussion can be applied directly to
the low-lying modes of the dynamically disordered
chain. Only Eq. (2.3) is restricted to the dynami-
cally ordered case. We return to this in Sec. III.

To calculate F(v, k) for the dynamically ordered
chain we substitute Eq. (2. 3) into Eq. (2.5) and do
the sums over ! and j. Changing the summation
variables from / and j to » =1 - jand j, taking the limit
that N =<, we obtain

o

Flv, k)= D BN (g=thom)

N=eco

(2.7)

where p, =R,., — R; is the equilibrium separation of
nth nearest neighbors, and the averaging is over
the probability distribution of p,.

It is essential to distinguish the averaging which
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appears in Eq. (2.1) from that which appears in
Eq. (2.7). In Eq. (2.1) we consider a particular
realization of the structural disorder in a very long
chain, and average only over the equilibrium dy-
namical states of the harmonic oscillators to get
the desired equilibrium correlation function. In
Eq. (2.7) the sum over j averages over the struc-
tural disorder. In the absence of long-range order,
a sum over j in the limit that N— « is equivalent

to an ensemble average.

In Ref. 8 we calculated F(v, k) analytically for the
case that p, had a Gaussian distribution for all ».
In the long-wavelength limit, ¢(k,w) had a Lo-
rentzian line shape, and the linewidth behaved in
a conventional “hydrodynamic” manner. To see
the physical origin of this limiting result, consider
the case that p, is the sum of » independent and
identically distributed random variables, each with
mean a, variance o2, and probability distribution
p(p). For small » we can’t make any simplifica-
tions unless p(p) is Gaussian, but in the limit of
large n, the central-limit theorem of probability
‘theory tells us that

(e-uzpn> :e-{kna e-lnllzzazlz' (2 8)

In the limit of small k£the sum in Eq. (2.7) will be
dominated by large z, so that Eq. (2.8) can be used
to calculate the asymptotic long-wavelength be-
havior. The sum over n then becomes a geometric
series, and F(v, k) takes on the Lorentzian form

k202
(e = Pa)? + (K202’

‘where €=27v/N. The small-% limit thus depends
on the dominance of large », the applicability of
the central-limit theorem for large », and the geo-
metric nature of the resulting series. All of this
will remain true in the dynamically disordered
case.

Fly,k)=f(¢, k) = (2.9)

III. RANDOM MASS CHAIN

Consider a harmonic chain with nearest-neighbor
forces, spring constant I') with mass m; at the jth
site. Let m; be a random variable with mean M
and variance M2u%, The masses at each site are
assumed independently distributed. We want to
calculate the displacement %, of the nth atom in a
normal mode of angular frequency w. Following

Matsuda and Ishii,® we introduce the state ratio

z;=u;/uy., (3.1)
and calculate the displacement #«, from
un=uQI’Iz,. (3.2)
i=

The equation of motion for the displacements can
be written as a recursion relation for the state
ratios:
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2;,=2-€a,-2zj, (3.3)

where a,=m;/M, and € =Mw?/T,

First we review the principal results of Matsuda
and Ishii.® They look for a stationary probability
distribution for the state ratio z. It is more con-
venient to transform variables from z to ¢, where

(3.4)
(3.5)

and ¢ is defined in the interval — 1< ¢ < 47. In
the ordered case z,=cosnX/cos(z — 1)A. The corre-
sponding stationary probability distribution F(¢) is
uniform in ¢. In the disordered case Matsuda and
Ishii express F(¢) as a power series in ¢

z=cos(¢ +1)/ cos¢ = cos\ - sini tang,

€2=2(1 - cos)),

F(¢)=Fy(¢) +€F (¢) +€2Fy(dp)+++» (3.6)
and find that

%%= - (27)"! u3(cosde +cos2¢). 3.7
Of principal interest is

/2

7:(111]2])—/_-”2 F(¢)ln|z(¢>)|d¢, (3.8)
which is given to lowest order in € by

y=73 ulel. (3.9)

From the Matsuda-Ishii result we can easily cal-
culate the low-frequency limit of the density of
states. Counting the number of nodes, Schmidt®
showed that

@)= [ e, w?)dz, (3.10)
where M(w?) is the total number of states with fre-
quency less than w, and w(z) is the stationary prob-
ability distribution of the state ratio z. (Schmidt’s
z is our z~!, but this does not affect the counting
argument.) We note that

wie) = F(¢) 22

and use Egs. (3.6) and (3.7) for F(¢). The final
result is

au

o @/m) (- W) V21 - ApPet +000),

(3.11)
where wZ=4T/M.

Thus the only change from the ordered chain at
low frequencies is that the mass m is replaced by
the average mass M. This is also the correct pre-
scription for calculating the sound speed and the
macroscopic compressibility. The Debye theory
relating the low-temperature heat capacity to the
elastic properties is thus unmodified by mass dis-
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order in one dimension,

In this paper our principal objective is a more
detailed study of the amplitudes of the low-lying
normal modes. We find it convenient to introduce
a complex state ratio Z; and to define a new vari-
able &, by

z;=e ), (3.12)
In the ordered case ¢, =0. Substituting Eq. (3.12)
into Eq. (3.3) and expanding to order €% we have

(Ejo1 = &) +i€(Eyy + &) =iela, = 1) - me(El, + £2).

(3.13)
Summing Eq. (3.13) from j=1 to j=n, neglecting
end effects for large », and using Eq. (3.2) we
have

Uy = Uy €XP (inE + %iei;(a, -1) - jie i; cé+ O(e")).
7= =
(3.14)
In the limit of large » the random variable
3€31,(a; - 1) is normally distributed with mean

zero and variance $n€2u2. It remains to calculate
the contribution from

Q,.:}:c%

from an appropriate approximate solution to Eq.
(3.13). The leading term in @, is of order ne and
can be calculated by dropping the quadratic terms
in Eq. (3.13). The linearized equation has the
solution

1€
1+ie€

gj(oll) = (ﬁj +yBy1 +y2ﬁ,-z +eee), (8.15)

where y = (1 -i€)/(1 +i€) and B;=a, - 1.
The average value of Q" is obtained by squaring
Eq. (3.15), summing over j, and noting that

@/Bk> = #zgn-

The result is

o \2
wy 1€ > 2 2 o Lo e 2
(232 (1+i< nu g;y Tineul,
Fluctuations in @, will be important only to higher

order in €, Substituting Eq. (3.16) into Eq. (3.2)
we finally obtain

4, = Uy €XP (in<+%iei B; +snelu? +O(€3)> . .17
5=

(3.16)

The exponential growth in Eq. (3.9) is in agree-
ment with that calculated by Matsuda and Ishii.®
In addition we have the phase incoherence from
the term in Jj., §; which is essential in reconciling
the Matsuda-Ishii result with perturbation-theory
calculations. We should note that neither in Ref.
5 nor here has the possible buildup of fluctuations
in u, been carefully studied. In our paper it is the

replacement of @, by its average value (Q’) cal-
culated from the linearized equations which de-
serves more careful study. In Ref. 5 the question
is avoided by considering only (Inlz|). Eventhough
the various z; are strongly correlated, we can still

write
n

(1n|u,,|)=lnu0+jz; (n|z, |y =n.

For other statistical properties of the u, the fact
that the z, are identically but not independently dis-
tributed will be of importance.

The solution (3.17) that we have constructed
grows with increasing ». Matsuda and Ishii have
shown that an appropriate choice of boundary con-
ditions allows one to construct a localized solution
from the growing solution. Thus a solution local-
ized around » =0 will have the form

unzttoexp(ine+%iei: By-% ]nleauz) . (3.18)
=1

The quantity of interest for our correlation function
calculation, Eq. (2.5), is C/,,C¥*. When appro-
priately normalized this then becomes

jn

C/inCy*=N"'exp <in<+§iez: Be-%|n| €2u2>. (3.19)
=

The transformation from Eq. (3.17) to Eq. (3.19)
is not as rigorous as we would like, but it is the
only physically sensible one. The correlation func-
tion of interest then becomes

N
Fv, k)= 2 D Ch,Chxeinea (3.20)

1
when structural disorder is neglected. We then
carry out the average over the arbitrarily chosen
localization center j. This is equivalent to an en-
semble average, and depends only on the probabil-
ity distribution of the random variable }3,. Since
the B, are independently and identically distributed
with mean zero and variance p? this average can be
calculated for large » using the central-limit theo-
rem. The final results, in the limit of infinite N,
is given by

ZN -in(e-ka) - nle? u?sa
fle, k) e e .

naeoc

(3.21)

Equation (3.21) is only applicable for small € where
the series is dominated by large n. Only in this
limit can we replace the mode index v by the dimen-
sionless frequency €. At arbitrary frequency there
will not be a well-defined normal-mode amplitude
for each frequency. We note that the attenuation

in the nth term has equal contributions from two
sources. The first is the localization of the normal
modes, and the second is a phase incoherence as-
sociated with the 8;. The two contributions togeth-
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er agree with the attenuation of the average Green’s
function as calculated from perturbation theory 2+3
In the presence of structural disorder the contribu-
tion from phase incoherence can interfere with the
structural disorder, but the localization contribu-
tion is unchanged. This will be considered explic-
itly in Sec. V. That both contributions should be
present was pointed out in a more general context
by Thouless.” The backward scattering of the un-
perturbed waves by the randomness determines the
localization, while the forward scattering gives a
phase incoherence which also contributes to the at-
tenuation of the average Green’s function. Thou-
less’s discussion remains relevant for strong dis-
order in the limit of low frequency where the scat-
tering by the disorder is weak.
Finally we carry out the sum in Eq. (3.21) to
obtain
B € 2#2
AT +(ze2pfy

(3.22)

Recalling that €2=Mw?/T", Eq. (3.22) gives a sound
wave peak at w?=c?k?, with 2=Ta?/M. This
agrees with the sound speed calculated from the
macroscopic compressibility, and with the low-
frequency limit of the density of states. The damp-
ing due to mass disorder in the long-wavelength
limit is very similar to that due to structural dis-
order calculated in Ref. 8 and in Eq. (2.9) of this
paper.

IV. RANDOM SPRING-CONSTANT CHAIN

Consider a harmonic chain with fixed mass M
and random spring constant I'; coupling site / to
site I-1. For a uniform compression, the force
in each link is the same, and the compression of
each spring is inversely proportional to its spring

constant. The longitudinal sound speed is thus
given by
c?=Ta?/M,

with the effective spring constant I' defined by

ri=N-) T;. 4.1)
jx
The equation of motion for the state ratios is
—sz=rhl(z,.1—1)—F1(1—Zf1). (4.2)

The expansion corresponding to Eq. (3.13) is some-
what more complicated, and is obtained by defining
a new variable 6, through

z,=erCron, (4.3)
where
§,=1"/1",. 4.4)

Substituting Eq. (4.3) into Eq. (4.2) and expanding
to order €2, we have

2319
ra (L +i€) = 6,(&7" = de€)

== €(y+ Lpay = 2) — si€(Eil 8Fuy + &1 OO

(4.5)
Equation (4.5) is analogous to Eq. (3.13), and it
can be solved approximately by the same proce-
dures which led from Eq. (3.13) to Eq. (3.17).
The algebra is more complicated, but the final re-
sult is very similar. The displacement u, is given
by

u,,=u0exp<in< +3i€ i; n,+énezrz+0(ea)),
i=

(4.6)
where

m=(/T)-1=¢-1 (4.7
is a random variable with mean zero and variance
72, The problem is thus equivalent to the random
mass chain with the random variable 7, of Eq. (4.7)
replacing the random variable 5, =m,/M - 1.

This result could have been anticipated more di-

rectly. Introduce the new dependent variable.
F,=I",(u,—u1-1). (4.8)

The equation of motion for F, is
-€¥r/T)F,=F,,,-2F;+F,.,, (4.9)

which is the same as the random mass equation of
motion for u, except that m,;/M is replaced by I'/T;.
Equation (4. 8) can be rewritten

F;=Tu,(1 -2z;Y)~-ielu,(T/T,+5,).

The large fluctuations from site to site are ex-
tracted in the term I'/T';. The remaining term 6,
is of order €. At long wavelengths both F; and u,
must vary slowly from site to site, and we have

F,~-iely,.

Thus the solution for F; using the results of Sec. III
is directly applicable to the displacement in the
random spring-constant case, as verified by direct
calculation.

The arguments leading from Eq. (4.6) to a cal-
culation of the displacement-displacement correla-
tion function are identical to those leading from
Eq. (3.17) to Eq. (3.22). The result correspond-
ing to Eq. (3.19) is

. n
C}nCh*=N"lexp (inﬁ +3ie Z} Ny = §|n|<272>.
(4.10)

When structural and cynamic disorder are both
present, we must start from Eq. (4.10). This is
considered in Sec. V.

The calculation of the density of states is un-
changed from Sec. II. The transformation (4. 8)
from displacement u; to force F; is linear. The
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counting of normal modes is the same for both
choices of dependent variable. Since the F,; obey
the same equation studied in Sec. II the result is
the same., Again the Debye theory is correct. The
only caution is that the effective spring constant
appropriate to both elastic properties and low-tem-
perature heat capacity is given by Eq. (4.1). This
simple transformation of the random spring prob-
lem into the random mass problem holds only in
one dimension. In more than one dimension even
the correct sound speed is unknown in the random
spring case.

V. GLASSLIKE CHAIN

If both the spring constant and equilibrium sepa-
ration are disordered we must combine the effects
considered in Secs. Il and IV, Substituting Eq. (4.10)
into Eq. (2.5), and proceeding as we did to obtain
Eq. (2.7) we find

Fly, k)= i eine e-lnlez'rzlﬂ <e-ikp,, eie¢"> (5. 1)
’ ,

n=e=co

where the random variable p, was defined in Sec.
II, and the random variable

¢n=1/22 ™

is normally distributed with mean zero and vari-
ance $77%. The problem is trivial if the spring
constant and equilibrium separation are indepen-
dently distributed. We then have

(e i%n gi€®n) = (g=ikon)(pie®n)

and the final result is a Lorentzian line shape as in
Eq. (3.22) with the only change being that

ut~12+2(c/a).

(5.2)

Of more physical interest is the case that the spring
constant is a given function of the equilibrium sep-
aration. Then p, is still a normally distributed
random variable with mean na and variance no?,

but ¢, is a given function of p,. To illustrate the
point consider the simplest case where

r/rlzl‘*ca-l(qu‘"Rz—a)- (5.3)

A positive value of C corresponds to the physically
plausible case in which the spring constant de-
creases with increasing equilibrium separation.
Equation (5. 3) can be written

¢, =3%Ca (p, —na). (5.4)
In particular the variance of I'/T'; becomes
T2=(Co/al (5.5)
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and

<e-4kp,. eie@,,) :e-ilma e-lnlo’ (5. 6)
where

6 =%(0/a)?(ka - 1€C)%. (5.7)

In the Brillouin peak we can replace € by ka so that
6=~3(kaP (1+5C%-0). (5.8)

The first term in Eq. (5.8) gives the structural
damping of Sec. II. The second term gives the
phase-incoherence contribution to the dynamical
damping of Sec. IV. The third term gives the de-
structive interference between them. The physical
origin of this destructive interference is easily un-
derstood. Consider an equilibrium separation less
than the mean value. The spring constant will be
increased. This more nearly matches the phase
change in a plane wave which will be reduced

when the separation is less than average. Thus a
plane wave more nearly matches a single normal
mode, and the damping is reduced. In particular
when C =2 the damping due to phase incoherence
can be eliminated entirely. The damping due to the
localization will, however, still remain. The final
result, combining Eqs. (5.1), and (5.6) is

anz
(e - ka)? +(Le?y?)? >

fle, k)=

where
Y2=4724+2(0/aP(1 - $CP =721 -2C"1+2C"2).

In summary we have extended the discussion of
wave propagation in a disordered chain to include
the combined effects of structural and dynamic dis-
order and the correlations between them. To do
this we had to distinguish the dynamical effects of
phase incoherence from those of normal-mode lo-
calization. The main physical point is that fluctua-
tions in one dimension can contribute subtle effects
to the attenuation of long-wavelength sound modes,
but they can not change the dominant low-frequency
behavior. We have used, however, much of the
arsenal of special one-dimensional tricks. None
of our conclusions can be extended to three-dimen-
sional systems of direct physical interest.
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