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The interaction between electrons and phonons in a thin carbon film is in-
vestigated. Sound wave propagation in a thin carbon film has a small sound'
velocity and small damping. The scattering of electrons by, phonons associated
with the Rayleigh wave is found to be responsible for the anomalous temper-
ature dependence of the resistivity and for the negative magnetoresistaince of
pregraphitic: carbons at low temperatures. o
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ELECTRICAL CONDUCTION IN THIN FILM
CARBONSI

K. Sugihara and M.S. Dresselhaus
Massachusetts Institute of Technology, Cambridge, MA 02139

"Electron-phonon interaction in a thin carbon film is in- Electron-Rayleigh Wave Interac-
vestigated. Sound wave propagation in a thin carbon tion in
film has a small sound velocity and small damping. Elec-
tron-phonon scattering associated with the wave is re- Thin Carbon Films
sponsible for the anomalous temperature dependence of
the resistivity and for the negative magnetoresistance of If the sample thickness d is small (< 100 A), a Rayleigh
pregraphitic carbons at low temperatures. wave with small sound velocity (- 104 cm/sec) can prop-

agate in the film without damping. The Rayleigh wave
is polarized along the c-axis. Carriers are strongly scat-

Lattice Vibrations in the Long tered by the phonons associated with this Rayleigh wave
Wavelength Approximation even at T 5 1K, since typical phonon energies inter-

acting with carriers are at most 1K. Though the car-
We briefly describe the theory of the lattice vibrations rier relaxation rate relative to the interaction with the
in the long wave-length approximation. The equations Rayleigh wave phonons is one order of magnitude smaller
of motion for lattice vibrations are given by: than that for impurity scattering, the electron-Rayleigh

wave interaction plays an important role in the anoma-

8 ='f2al 7 5 lo+( temperature dependence of the resistivity and in the
[ + '] [= + ,] negative magnetoresistance of disordered carbons at low

a - -F -F +2 -F - , temperature [6].
(1) Pregraphitic carbons heat treated at low temperature

where 6 = (u,, u., u,) is a displacement vector. ( is the have a turbostratic structure and the correlation length
elastic compliance, and vi and v, are the longitudinal along the c-axis is small. Accordingly, it is reasonable to
and transverse velocities of sound associated with the assume that the sample is composed of an assembly of
in-plane vibrations, while v, corresponds to the sound many thin films which are weakly coupled to each other
velocity for the out-of-plane vibrations. The equation elastically.
for ZPu,/ 2t is obtained by interchanging x +- y in the To solve Eq. I for the case of a thin film, the following
equation for o8u 2 /8t. The magnitude of other quanti- boundary conditions are imposed at x = 0 and z = -d,
ties in Eq. 1 are given by [11 where d is the film thickness along the c-axis. Strain

free and stress free boundary conditions give rise to the
vf=(Cn/p)2 = 2.10 x 106 cm/sec, same equations:
vtf[(Cn - Cn2)/2pj1 = 1.23 x 10 c tn/sec, (2) 0. a. = a ,
v.=(C3 /p)l = 3.92 x 103 cm/sec, .u;+.as O+r +0, (3)

where the density p = 2.26g/cm3 , and the Poisson ratio at z = 0 and z = -d. A damped plane wave solution of
= C1 2 /C1 1. The elastic compliance C is related to Eq. 1 is written in the form:

the elastic constant C44 by C = C4 4 /P. Both C44 and
C are thus related to the shearing force and are very u(r) = de"e'(9') (4)
sensitive to crystal perfection, especially to the density of for q" along the x-axis The general solution *(r) c
stacking faults. The magnitude of C44 thus ranges from edr - ) can be obtained from Eq. 4 by rotating the co-
4.5 x 10 mdynes/cm2 for well-graphitized crystals [1,2] to ordinate axis in the xy-plane. Inserting Eq. 4 into Eq. 1,
7.0 x 105 dynes/cm2 for pregraphitic carbons with a high h c -
density of stacking faults [3,4]. yields u. = 0 and equations the u. and u. Compo-

In the expression for u, in Eq. 1 the term related to nents:

the bonding'between the honeycomb planar networks is (wl - viql + Cic')U. + iqcU=O
neglected, since this term is negligible in the long wave- + 2)
length limit (5]. The sound velocity Vn of the Rayleigh iqMUD + (ws - Cq' + v~is)U=O.
wave in thin film carbons is approximately given by VI. Equation (5) is solved to obtain al as a function of W.

Two positive roots x1 and aj .xist, if the Rayleigh wave
velocity vit = w/q satisfies the condition:

'Suppontd by AFtOSR (0otract #r.10620 85-C -01i? Vt <C - C44/p. (6)
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One root corresponds to a rapidly damped wave- ad [4] K. Komatsu. J. Phys. Chem. Solids, 25, 704, (A964).
the other to a weakly damped wave. From these roots,
an explicit expression for the displacement vector 7 = [51 A. Yoshimori and Y. Kitano. J. iPhys. Soc. Jpn., I1,-
(U,,0,u,) has been found. By introducing the phonon 352, (1956).
operators b,* and b, the energy of the Rayleigh wave is
quantized according to [6] K. Sugihara and M. Dresselhaus. In M. Dresselhaus,

G. Dresselhaus, and S. Solin, editors, Bztended Ab-

21 di? I -1 + I i -12 =E W,(b,+bq + 1), str'cts of the Symposium on Graphite IntercalationI - I= 2 Compounds at the Material. Rsearch Society Meet-
(7) ing, Boston, page 135, Materials Research Society

where 9, = (u,,u,,0). From these equations, explicit Press, Pittsburgh, PA, (1986).
expressions for tC. and 9; are obtained [6].

The solutions show that the displacements follow a [7] S. Ono and K. Sugihara. J. Phys. Soc. Jpn., 21, 861,

weakly damped Rayleigh wave polarized along the c- (1966).

axis where the in-plane displacement u is two orders of [81 I. Spain, K. Volin, H. Goldberg, and . Kalnin. Solid
magnitude smaller than d.. The following expression for State Commun., 45, 817, (1983).
the k-dependent relaxation rate due to the scattering by
the Rayleigh wave phonons is obtained [6]:

1 (1 -( )(E&-Ew), (8)IIrt(EA )= opjd. n Ej k.

where .= - E,, and E. = (k., k,, 0). Here D denotes

the electron-phonon coupling constant associated with
the out-of-plane vibrations, and in bulk graphite D
3.7eV[7]. In deriving Eq. 8, the introduction of a high
temperature approximation for phonons N. - N9 + 1 -

kBT/towi, is employed, since Aw,/kB = hvRq/Iks = 4 x
10q < 1K for q c- 10r - . From Eq. 8, we then obtain
a temperature dependence for the relaxation rate

1 _ lcT ( 1 D ,D \
I - - I (9)

where qmm = 2r/L. and L. denotes the dimension of '!
the thin film in the basal-plane. In evaluating Eq. 9, the A..:

following values of the parameters are employed: vn fTi .- 
:  '.! "

4.5 x 104 cm/sec, d = 70A, L. = 200WA, and vF = 5-x107

cm/sec, yielding a value of 1/T'n - 3 x 10tT/secK. The
large magnitude of 1/,ri compared with other processes
in thin carbon films shows that the electron-Rayleigh
wave interaction is responsible for the anomalous tem-
perature dependent negative magnetoresistance of pre-
graphitic carbons at low temperatures[6, and for the un-
usual temperature dependence of the carbon films with ,

low heat treatment temperature THT 13000C [81.
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