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Sound-wave propagation in thin-film carbon is investigated in the long-wavelength approxima-
tion. The Rayleigh wave, with a small damping constant and with polarization along the c axis, has
a small sound velocity vg ~ 10* cm/sec if C,, is small. Since the Rayleigh-wave phonons interacting
with carriers have small energies (fiw/kp S 1 K), these phonons are highly excited even at helium
temperature and they scatter carriers. Of particular interest for transport properties is the carrier
relaxation time 7 ~ 10~ "2 sec for film thickness d <100 A at TS 1 K. If the sample is assumed to
be composed of an aggregate of many thin films, and each film weakly couples elastically with the
others, the present theory is applicable to a sample with bulk thickness. The electron—Rayleigh-
wave interaction is responsible for the unusual temperature dependence of the resistivity observed
for a polyacrylonitrile-based fiber heat-treated to ~1300°C. A comment is given about one possible
mechanism for the anomalous linear temperature-dependent specific heat observed in some kinds of

carbons and in polycrystalline graphite.

I. INTRODUCTION

The lattice dynamics for single-crystal graphite or
highly oriented pyrolytic graphite (HOPG) has been ex-
tensively studied experimentally and theoretically.!~’
The lattice properties of pregraphitic carbons are es-
timated from the corresponding properties for graphite
by introducing the elastic constants for the pregraphitic
carbons and/or by considering finite-size effects and crys-
tallite orientation effects.

In this article it is pointed out that sound-wave propa-
gation in thin-film carbons takes place in a different way
from that in bulk graphite. If the sample is thin enough
along the c axis ( < 100 A), the Rayleigh wave polarized
along the ¢ axis propagates with little damping and its
sound velocity and frequency are given by
Vg =(Cyy/pp)'/? and @ ~vgq, where g*=g}+q} and p,,
is the density of the sample. C,, is related to the shearing
force and is very sensitive to crystal perfection, especially
to the density of stacking faults. The magnitude of C,,
thus ranges from 4.5%x10'° dyn/cm® for a well-
graphitized crystal*> to 7 10° dyn/cm? for pregraphitic
carbons with a high density of stacking faults.®® A typi-
cal value of the Fermi wave vector kj for the pregraphi-
tic carbons, which are described by a two-dimensional
band, is at most ~10° cm~!. Accordingly, the energies
of the Rayleigh-wave phonons interacting with the car-
riers are

#iw/ky~0.4 K , (1.1)

where the values C,, =7 10° dyn/cm?, p,, =2.26 g/cm’,
and ¢ =10° cm~! are employed. This implies that the
Rayleigh-wave phonons interacting with carriers are
highly excited even at ~1 K. This is a striking effect,
and the carrier scattering rate by these phonons at ~1 K
is comparable to the values of the phonon scattering rate
in bulk graphite at ~50 K. This rate is proportional to
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d ~2, where d is the sample thickness. If the sample is as-
sumed to be composed of an aggregation of many thin
films and each film weakly couples elastically with the
others, the present theory is applicable to a sample with
bulk thickness.

In Sec. II the lattice vibrations of thin-film graphite are
studied in the long-wavelength approximation, imposing
boundary conditions on the sample surface. Two cases
are studied: (i) the semi-infinite case and (ii) the thin-film
case in Sec. III. The electron—-Rayleigh-wave phonon in-
teraction is treated in Sec. IV for the thin-film case and
the carrier relaxation rate is calculated. This calculation
is then applied to the anomalous temperature-dependent
resistivity observed in polyacrylonitrile (PAN) fibers at
low temperatures.!®!! There is a brief discussion in Sec.
V about one possible mechanism for the anomalous large
linear temperature-dependent specific heat observed in
some kinds of carbons and polycrystalline graphite.'?
The contribution from the Rayleigh-wave phonons is ex-
pected to be responsible for the specific-heat anomaly at
low temperature. A summary is given in Sec. VI.

II. LATTICE DYNAMICS
IN THIN-FILM CARBONS

The theory of the lattice vibrations in graphite was first
proposed by Komatsu-Nagamiya and Komatsu! in con-

nection with the low-temperature specific heat. The
equations for the lattice vibrations are given by
du, _,2 u, o2 du, o2 | 1Ee %,
a2 T ax? ' apr ' 2 |oxdy
+_%(un+l+un—l_2un)
€o
g awn +1 _ awn —1
+ 2¢, ox ox ’ (2.1a)

7063 ©1988 The American Physical Society



7064 KO SUGIHARA 37
) % L u 2 2 2 2
. =v} > +vt2 ; +v} 1to . a—g-—v,z-@—%+v,2 9 02 +v,2 1+o | du
ar’ ay? ox 2 9xdy ot dy ox 2 dxdy
£ 2 2
+ z(un+l+un—l_2un) g_v J“w
c? +& a2 " ayaz |’ (2.2b)
L | My Mnoy (2.1b)
2¢, dy dy ’ ) 3 2 2 2
w242 20°w d%u R
d*w A2 v} ar " Atw+o; 9z? +oAw+4 axoz T dydz |’
== kA, + —(w w, _—2w,)+{Aw
at2 n c(z) n+l+ n—1 n g n (220)
& Oup,y  Ouy_y OV, OV,
+ 2¢, ax _ ox 3y oy ’ As will be mentioned in Sec. V, the term —«?A%w in Eq.

(2.1¢)
where u,, v,, and w, represent the displacement of a
point (x,y) in the nth graphite layer. v, and v, are the
longitudinal and transverse sound wave velocities associ-
ated with the in-plane vibration, v, the sound velocity re-
lated to the out-of-plane vibration, o the Poisson ratio

(2.2¢) is responsible for the anomalous large linear
temperature-dependent specific heat observed in some
kinds of carbons and polycrystalline graphite.!> Howev-
er, this term is negligibly small compared with the other
terms for ¢ ~10% cm~!, and can be neglected in calculat-
ing the electron—-Rayleigh-wave interaction.

Solutions for Eqgs. (2.2a)-(2.2c) are assumed in the

given by C,,/C,y, ¢, the interlayer distance, and A is the  form
two-dimensional Laplacian 3%/3x %+ 8%/3y?, while «? is a
constant related to thel l:gnding modulus of the graphite u U
layers and §=Cys /pp, - o v|= |V |exp[Az+i(g,x+qy—wt)]. (2.3)
In the long-wavelength approximation Egs. w
(2.1a)-(2.1c) become
2 2 Inserting Eq. (2.3) into Egs. (2.2a)-(2.2c), we obtain
Qu_ 20U
ar? ! ox? U
’u l+0 | 3% du  dw M|V |=0, 2.4
207U |2 ou Jdw
+v; a7 +or | = axdy +6 oz2 3xaz |’ w
(2.2a) where
J
+o .
o’ +EM —vigi—viey  —v} | |a.q, itAg,
140 .
M=| —v} %9 o?+EA2—viql—viq}? itAg, (2.5)
iEAg, ifAqg, o’ +v7A*—Eq’
By introducing the transformation matrix:
n, n, 0
I'=|-n, n, 0|, n,=q,/q, n,=4q,/q, (2.6)
0 01
the transformed matrix M = TMT ~! becomes
0?+ i\ —vfq? 0 itAg
M= 0 *+EAr—vlq? 0 2.7
ithq 0 0 +v2A—£q?
The secular equation detM =0 yields the algebraic equation
(@ + &2 — g2 ) (0 + EA  — v} N +v2AE — £g 1)+ E2A2% %] =0 . (2.8)
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Equation (2.8) implies that only the longitudinal in-plane
vibration couples with the out-of-plane vibration. The
same situation is realized in the bulk sample.!

The sample is bounded at z =0 and z = —d along the ¢
axis, and its extension in the xy-plane is assumed to be
infinite. To solve Eq. (2.4), two limiting boundary condi-
tions are imposed at z =0 and z = —d: (i) the strain-free
condition e,, =e,, =e,,=0; (ii) the stress-free condition
T,,=T,, =T, =0. Both boundary conditions give rise to
the same equations:

du | Odw dv  dw dw

—=0, —+—=0, —

3 1 ox az "oy az
at z =0 and z = —d. It is easily shown that the Rayleigh
wave propagation (A real) does not take place in the un-
coupled mode which corresponds to the in-plane trans-
verse vibration. Namely, we have

=0, (2.9)

w*=¢q2+vlq* and A=igq, . (2.10)

To obtain solutions for the Rayleigh-wave propagation,
Eq. (2.3) is assumed to be in the form

u U
v|= |V |exp[Az+i(gx —wt)] . (2.11)
w W

Equation (2.11) does not lack generality. Substituting Eq.
(2.11) into Eq. (2.2b), we obtain

v=0 N (2.12)
and Eq. (2.4) becomes
(@*+EN2—vq® U +iEAgW =0 ,
(2.13)

iEAQU + (0 + 020 —Eq*)W =0 .

Two positive roots A} and A3 exist, if the Rayleigh-wave
velocity vy = /q satisfies the condition

<t (2.14)
and the displacement vector (u,0,w) becomes
u=[ia( 4e®¥ 4 Ce ~*%)
+iB(BeP¥ 4 De —Pe2)Jeitax —on
(2.15)

w =[y( Ae®¥ —Ce ~ %)
+5(B€qu—De —-BqZ)]ei(qx —wt) ,

where (A,/9)*=a?, (A,/q)*=B*. The coefficients a, B, 7,
and & are complicated functions of v,, v,, and &, while 4,
B, C, D and vy are determined from the boundary condi-
tions given by Eq. (2.9). To estimate a, f3, 7, and §, the
following set of parameters is employed:*>8

v;=(Cy,/pm)"/*=2.10X10°cm/sec ,
Pm=2.26 g/cm’

v,=[(C;; —C13)/2p,,1"*=1.39X10° cm /sec ,
(2.16)
v,=(C33/p,,)""*=4.0%X10° cm/sec ,

C,=4.5%10" t0 0.7%10'° dyn/cm? .
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C,, (or §) is very sensitive to crystal perfection, especially
to the density of stacking faults,® while C,; is approxi-

mately independent of crystal perfection. From Eq.
(2.16) we have
a~v/E*=33.3,
B=(E—v3)V% /v, <£V?/v,=0.16,
(2.17)

y=~&/v2=0.025,
S~v?/E~a?,

where £=0.40% 10'° cm?/sec?, which is a typical value
for pregraphitic carbons with a high density of stacking
faults.® 14

By inserting the displacement vector (u,0,w) given by
Eg. (2.15) into the boundary condition Eq. (2.9) and by el-
iminating A, B, C, and D, we obtain the following condi-
tion:

(B_Bo)(eZaqd_ 1 )(eZBqd___ 1 )__4BBO(eaqd_eﬂqd)2=0 ,

(2.18)
where

Bo~ay /8~ /vp}=1.53x10"*. (2.19)

III. RAYLEIGH-WAVE PROPAGATION

In the following we consider two cases: (i) the semi-
infinite case d = «, and (ii) the thin-film case with gd S 1.

(i) d = oo : the semi-infinite case. In this limit, Eq. (2.18)
leads to B=p,. Then, we have

Vp = (E—BWw) 2~ £12=6.3%x10* cm/sec,  (3.1)

and

vp (v =&y =4 «<1. (3.2)

In this case the terms including e ~°% and e ~?% in Eq.
(2.15) disappear, and ¥ and w become

. Bo9z\ i(gx—
u=zA(ae""z—Boe 0f )el(qx wt) ,

w =aA(Boe‘"’z—-aeB°qz)e”"" —ot) (3.3)

Equation (3.3) approximately satisfies the boundary con-
dition Eq. (2.9), since B,/a~2X 1075,

As is shown in Eq. (3.3), u and w are composed of two
different terms: one is a rapidly damping term with e %%
and the other is a slowly damping wave with e % This
situation reflects the highly anisotropic elastic properties
in graphite:

vi>>u2>>E . (3.4)

The above results are easily extended to the case with a
wave vector q=(g,,q,). In terms of the phonon opera-
tors, Eq. (3.3) is rewritten as

[o)= 2 3 Bylae s —Foe™)

X(b;e"i(q""“’”—bqei(q"—w") , (3.5)

and
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w=any Bq(Boe“"’—aeB"qz)
q

X(b;e—i(q-r—w1)+bqei(q-r——wl)) , (3.6)
where n=(0,0,1), and b; and bq denote the phonon
operators. B, is determined by the condition

P\t s .
2fdr-2-(|u|Z+|v|2+|wl2)=§ﬁwq(b;bq+%).

(3.7

Then, we have
172

fi_Fo , (3.8)

B, ~ —
vaRS at

q9

where S is the surface area of the sample.

(ii) d finite: the thin-film case. It is not easy to obtain
an expression for vy in the general case with an arbitrary
qd value. However, it is possible to solve for vy if the
conditions of Bgd << 1 and gd =1 are satisfied. By using
the conditions agd >>1>>Bqd and qd 5 1, Egs. (2.17) and
(2.18) yield

250”;.2
Ué:g— qd zg, B=

172
2,

qd

(3.9)

Vp=§ 172 is the same as the value for d = . Therefore,
in samples with a high density of stacking faults (small §
or Cy4), the Rayleigh wave propagates with a small sound
velocity which is much smaller than v,=4.0X10°
cm/sec. The displacements u and w are given by

aqz —ag(z +d)

u~iA(ae
—BocoshBgz — B sinhBgz e’ 9~ |
w~ad [Boeaqz_Boe—aq(z +d)

—a coshBgz —(aB,/B) sinhBgz Je' (¥ —«V .

The first and second terms in parentheses in Egs. (3.10)
represent rapidly damped waves and the third and fourth
terms are very weakly damped. In terms of the phonon
0 b} and b,, the displ i

perators b, and b,, the displacement vectors are given
by

—ae

(3.10)

[l; ]e_«i S %Bq(ae“‘”—ae‘aq(z*d’
q

—PBycoshBgz —BsinhfBgz)

X(b;e—«i(q-t—wt)_bqei(q'r—wt)) , (3.11)
wW~an E Bq[BOeaqz__Boe —ag(z+d)
q
—a coshfBgz —(aBy/B) sinhfBgz ]
X (bge ~iaT=en p gilar—on) (3.12)

where q=(g,,4,,0) and n=(0,0,1). It would appear that
Egs. (3.11) and (3.12) do not seem to be symmetrical
around z = —d /2. However, this is not the case, since
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(u,v,w) are approximately symmetric around z = —d /2
because of the condition Bgd << 1. Inspection of Egs.
(3.11) and (3.12) therefore yields

uv <w=~-—a’3 B, COSthz[bJe —ilqr—on
q

+bqei(q~r—wr)] , (3.13)

then, we obtain

L
‘I'—aZ

172

% : (3.14)

B —_—
2p,,0,0Q

where (Q is the sample volume.

IV. ELECTRON-RAYLEIGH-WAVE INTERACTION

The electron-Rayleigh-wave phonon interaction is cal-
culated according to the procedure employed by Sugihara
and Sato!® in the study of the electrical conductivity of
graphite.

If we assume that the ions are displaced without being
deformed, the perturbing potential is given by

H'=— 3 &;,8radU, , 4.1)
hp
where
£,,=(u(R;,),0(R,,),w(R,,)), U,=U(r—R,,).
4.2)

Here, j represents the jth unit cell and p the nonequiva-
lent carbon atoms in the unit cell. Uj, is the potential en-
ergy of an electron due to the ion (j,u). In the present
problem

W >>u,v 4.3)

and

w(R)~—a*3 B, coshBgz(bje ~1aT=0"  p gilar—on)
q

(4.4)

where R=(r,z) [see Eq. (3.13)]. The matrix elements of
FF' are proportional to the following type of integral:

[, |3 e me™inn gradu, |W,,dr, 4.5)
Faz

where t and t' are suffixes specifying electron and hole
states and q=(q,,q,,0), n,=(0,0,1). The expression
(4.5) then becomes®

1 —ing(k—k')

= (4.6)
d Bq+ilk,—k,)

k“—k;,j:q ’

where k,=(k,,k,,0) and k=(k,,k,). Here D is the
electron-phonon interaction associated with the out-of-

pla}trsle vibration in bulk graphite and was estimated to
be

D =3.7eV. 4.7)
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From Eq. (3.9) we have
Bg~10* cm~!,

for d~10A and ¢~10°cm~!. This value is much

smaller than k,—k, except for the special case
k, —k, ~0; then the expression (4.6) becomes

_ip

d

Thus, the relaxation rate due to the scattering by the
Rayleigh-wave phonons is obtained as follows:

1 2mky TD? 1
o~ 2 TS
TR(Ek) ﬁpmvﬁdzﬂ k' qz

4.8)

) (4.9)

’ .
k,—k,,tq

ks
=

6(Ek *'Ek’) ’

X

(4.10)
where the high-temperature approximation for phonons
Ny=N,+1=kpT /fi0, , 4.11)

is employed, since typical energies for the Rayleigh-wave
phonons which interact with carriers are

#iw, /kp=tvpq/ky~4.8X10""g <1 K, 4.12)
for ¢ $10°cm™~!. From Eqgs. (4.10) and (4.11) we obtain
1 kgT g

1
~ , 4.13
TR(E) 4ﬁmeo { )

E

D

vrd

where cy denotes the interlayer spacing. In deriving Eq.
(4.13) the two-dimensional dispersion E =pyk, where
Po=(3'2/2)yqa is employed. Inserting

D=3.7eV, p,=2.26g/cm’, c,=3.35A,
4.14)
E=0.01 eV, vz =6.3X10* cm/sec, d=70 A ,

into Eq. (4.13), one obtains

1 4.8%10" T/secK . 4.15)

TR

It should be noted that 1/7; at T =1 K is comparable to
the scattering rate due to phonons in single-crystal graph-
ite at T~50 K.'® Thus, the Rayleigh-wave interaction
produces a striking effect, and this effect is expected to be
responsible for the unusual low-temperature electrical
resistivity behavior of PAN-based fibers,'!%!! which is
shown in Figs. 1(a) and 1(b). At low temperatures the
resistivity increases with temperature and exhibits a max-
imum between 30 and 35 K. The resistivity decrease
above T,,,, is ascribed to an increase in carrier density.
It is unusual that the resistivity has a significant tempera-
ture dependence even at liquid-helium temperature.
From Figs. 1(a) and 1(b) we have that the ratio

R(20 K)—R(10K)
R(T =0)

This magnitude is expected if the relaxation rate associat-
ed with the residual resistance R (T =0) has a value

~a few percent . 4.16)
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(1/7)sesidual ~ 10" sec™! , (4.17)

which is not an unreasonable value for pregraphitic car-
bons. The decrease of dR (T)/dT with increasing tem-
perature below T, .. is due to an increase in carrier densi-
ty. Since the Fermi energy for these samples is low, an
increase in carrier concentration is expected below ~ 30
K. The carrier density increase above T, is a dominant

1.05 (a) 20
Stof \ Celon 300
5

[~ =

N 1.00 L

< -5 PR -

= 20 40 60

a T(K)

~

[

A Celion 300 and
0.95 Magnamite AS 4-W
0.90 1 | | | N

O 50 100 150 200 250 300
Temperature (K)
1.20 T T T T 1
(b) i
Thornel (2 samples)
<
> .
[qV]
m . —
~N Magnamite AS 4-W
}_ . -
= o Celion HE-7
1.08 H: _
joal— 11 - 1
O 40 80 {20 160 200 240 280

Temperature (K)

FIG. 1. (a) The variation with temperature of the reduced
resistivity of carbon fibers. The inset shows the temperature
dependence dR /dT below 50 K. Celion 300 is a PAN-based
fiber with heat-treatment temperature (HTT) ~1300°C. PAN-
based fibers manufactured by Hercules Powder Co. (Magnamite
AS 4-W) and one from Union Carbide Corp. (Thornel 300) ex-
hibit a similar behavior (Ref. 10). (b) The variation of reduced
resistance R(T)/R (290 K) for several PAN-based fibers with
HTT ~1300°C. The resistance continues to fall with increasing
slope down to the lowest measurement temperature (~1.5 K)
(Ref. 11).
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factor which controls the temperature dependence of the
resistivity [see Figs. 1(a) and 1(b)].

The electron-Rayleigh-wave interaction is also respon-
sible for the temperature-dependent negative magne-
toresistance of pregraphitic carbons at low tempera-
tures.!”!® This will be treated in a separate paper.
Another interesting effect in which the Raleigh wave may
play an important role is the specific-heat anomaly in
disordered carbons.!? This is briefly discussed in the next
section.

V. A COMMENT ON THE ANOMALOUS
LINEAR TEMPERATURE-DEPENDENT
SPECIFIC HEAT IN CARBONS

Some kinds of disordered carbons exhibit an anoma-
lous, large linear temperature-dependent specific heat
which cannot be ascribed to the carrier contribution.'?
To consider this problem, it is necessary to take into ac-
count the —«x?A%w term in Eq. (2.2c), which is neglected
in the previous sections. However, its contribution to the
specific heat is important since the relevant wave vector
is not restricted to small values of ¢ ~ 10 cm ! in consid-
ering the contribution from the phonon degrees of free-
dom. Introduction of the —«*A%w term provides an ex-
tra contribution k’q* to w? and the Rayleigh wave then
has a dispersion relation

*=Kk’q*+v}q? . (5.1
It should be noted that the most important contribution
to w? for bulk samples is v2g2, though this term does not
appear in thin film samples, as was discussed in the previ-
ous sections. Since « has a value of ~6x107°
cm?/sec,? the k?q* term exceeds the v3g? term for
¢ $107 cm™~!. If the v3¢? term is neglected in Eq. (5.1),
we obtain a linear temperature-dependent specific heat at
low temperatures:

d

Cr="rUr >

Up=S fio, N (kpT)*G (2 py)

R & explfio, /kgT)—1~  4mhicok ’
(5.2)

where

G(z)= fozdx = o Zoman=Tikq,, kg T, (5.3)

e —

and c, is the interlayer distance. Equation (5.2) is valid
for T>3 K. Since we are interested in the specific heat
at liquid-helium temperature,'? z,,,, can be replaced by
infinity and we have

k3G(w) w

G(oo)=—.

m, 6 (5.4)

Cr=7rT, 7vr=
Typical examples for the anomalous specific heat are
shown in Figs. 2(a) and 2(b).'> The sharp peak observed
below 1 K is ascribed to localized spin centers which give
rise to an extra ESR absorption.!? Apart from this contri-
bution C /T is expressed by
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C/T=aT*+vy, (5.5

where the aT? term is the normal Debye specific-heat
contribution. The increase in a with decreasing heat-
treatment temperature (HTT) is related to a decrease in
rigidity and characteristic vibrational frequency, which
are reflected in an increased room-temperature specific
heat.'? The electronic contribution to the specific heat in
graphite is’

¥4=0.0138 mJ/mol K?, (5.6)

while the observed linear temperature-dependent specific
heat in pregraphitic carbons and in polycrystalline graph-
ites provides'?

) T T T
a
f-\z— ]
N
= NCC 1250
[=]
S
S NCC 1600
E 1
}_—
~N
(]

o

o

&

X

©

£

~

)

S

—

N

&)

0 5 10 15 20

FIG. 2. (a) Specific-heat curve obtained for various heat-
treated National Carbon Company baked carbon rods (NCC) as
reported by Delhaes and Hishiyama (Ref. 19) (The number in-
dicates the HTT.) The curve for NCC 1250 is added for com-
pleteness (Ref. 20). The curve for NCC 3100 agrees well with
the data of Keesom and Pearlman (Ref. 21) for polycrystalline
graphite (Ref. 12). (b) Specific-heat curves obtained for various
heat-treated, laboratory-made raw coke rods (needle coke made
from Resin C coal tar pitch with Resin C binder) (Refs. 12, 22,
and 23).
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y~10*—10? uJ/mol K? , (5.7

which is one or two orders of magnitude larger than y
[see Figs. 2(a) and 2(b)]. Inserting cy=3.4 A and
k=6%10"3 cm?/sec into Eq. (5.4), we obtain

YR _3%10?,

Vel

(5.8)

which is consistent with the observed results. The de-
crease of the value of ¥y with HTT is consistent with the
present model. The film thickness d which specifies the
elastically correlated length along the ¢ axis increases
with HTT and in the samples with large d the distance
through which the Rayleigh wave propagates without
damping is much smaller than d. In these samples the
contribution of the linear temperature-dependent part to
the specific heat is negligible. We intend to give detailed
calculations in a separate paper.

VI. SUMMARY

(1) The lattice dynamics in thin film carbons are inves-
tigated in the long wavelength approximation by impos-
ing appropriate boundary conditions on the sample sur-
face.
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(2) The Rayleigh wave, with a small damping constant
and with polarization along the c axis, has a small sound
velocity vg~10* cm/sec if C, is small. The
electron—-Rayleigh-wave phonon interaction is obtained
and the scattering rate of carriers is evaluated. Of partic-
ular interest for transport properties is the carrier relaxa-
tion time 7g ~10712 sec for a thin film with thickness
d <100 A at T~1 K. If the sample is assumed to be
composed of an aggregation of many thin films and each
film weakly couples elastically to the others, the present
theory is applicable to a sample with bulk thickness. The
electron-Rayleigh-wave interaction can explain the
unusual temperature-dependent resistivity of PAN fibers
heat treated to ~1300°C.

(3) The Rayleigh-wave contribution can explain the
linear temperature-dependent specific heat observed in
some disordered carbons.
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