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Self-Diffusion in Tellurium. II. Grain Boundary and
Dislocation Effects
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Self-diffusion in tellurium has been determined directly and unambiguously-using a' Te"'~ radiotracer
in polycrystalline and dislocated single-crystal tellurium simples. The data along the go~in boundaries be-
tween 280 and 590'C can be represented by Dos=7 47X1.0 4 expL( —0.87+0.08 eV)/kTg cm'/sec, whereas
those along the edge (between 253 and 401'C}and screw (between 275 and 380'C) dislocations are described
by Dan=9. 67X10 ' exp/( —0.65&0.02 eV)/AT/ cm'/sec and Den=7. 12X10 ' exp)( —0.98+0.10eV)/
kT) cm /sec, respectively. From these data, in conjunction with the available lattice-diffusivity data in
single crystals, it is estimated that the activation energy of the motion of vacancies in tellurium is about
0.7 eV along $0001/ and 1 eV along (1010)or (1120).The use of Fisher's analysis of Harrison's type-8 diffu-
sion kinetics, along with the directly measured data along dislocations and grain boundaries, substantiated
the model of grain boundaries as a single-line array of dislocations. But the values of effective grain-boundary
thickness and dislocation diameters obtained using the same analysis (1.5&10 ' cm) is about two orders of
magnitude higher than usually assumed in grain-boundary diffusion studies.

I. INTRODUCTIO5'

HE recognition of a free surface as a high-dif-
fusivity path in solids probably started from the

experiments of Volmer and Kstermann. ' However,
Langmuir's' classical experiments on duGusion of Th
on % established for the 6rst time the lower activation
energy and the higher diffusion rate at a 6xed tempera-
ture on a free surface and along grain boundaries in
solids compared to that in the bulk. But the identifica-
tion of dislocations as high-diffusivity paths started
only after Burgerss and Bragg' proposed that a grain
boundary can be considered as a linear array of dis-
location lines.

In the last two or three decades a wealth of informa-
tion has been obtained on grain-boundary diffusion. '
Read and Shockley' further analyzed the structure of
grain boundaries which was utilized by Smoluchowski
et at.~' to formulate a theory of grain-boundary diffu-
sion. However, experimentally most useful information
came from the expressions for concentration pro6le for
grain-boundary diffusion erst obtained by Fisher.
Turnbull and HoGman' used this analysis in silver with
apparent success, even by violating the proposed
boundary conditions. Fisher's analysis was further ex-
tended by %hippie" and Levine and MacCallum"

* Present address: Fairchild Semiconductor Research and De-
velopment Laboratories, Palo Alto, California 94304.' M. Volmer and I. Estermann, Z. Physik 7, 1 (1921); 7, 13
(1921).' I. Langmuir, J. Franklin Inst. 217, 543 (1934).

3 J. M. Burgers, Proc. Phys. Soc. (London) 52, 23 (1940).
4 W. L.Bragg, Proc. Phys. Soc. (London) 52, 54 (1940).' D. Turnbull, Atom Movements (American Society for Metals,

Cleveland, Ohio, 1951),p. 129.' W. T. Read and W. Shockley, Phys. Rev. 78, 27'5 (1950).
7 R. Smoluchowski, Phys. Rev. 87, 482 (1952).
8 S. R. L. Couling and R. Smoluchowski, J. Appl. Phys. 25,

1538 (1954).' J. C. Fisher, J. AppL Phys. 22, '/4 (1951).
'0 D. Turnbull and R. K. Hoffman, J. Appl. Phys. 22, 634

(1951);Acta Met. 2, 419 (1954)."R.T. P. Whipple, Phil. Mag. 45, 1225 (1954)."H. S. Levine and C. J. MacCallum, J. Appl. Phys. 31, 595
(1960).

and for a different method of treatment of data by
LeClaire. "The essential difference in all these models is
the value of the index m of the penetration distance
as a linear function of the logarithm of concentration.
This power nz is 1 by Fisher's analysis, —, at large
penetrations by %hippie's calculations, and 6/5 accord-
ing to Levine and MacCallum. Considering the scatter
of experimental data usually obtained, it is very diK-
cult to distinguish the validity of any one of these
models from another, as illustrated very recently by
Rhodes. "

Analysis of diBusion along dislocations came, until

very recently, from that of grain-boundary work in
which the proposed correlations were assumed, ' '
i'.e., that tilt boundaries of between 9' and 15' mis-

match are equivalent in local dislocation density to
crystals having between 10' and 10' dislocations per
cm'. Hart's'5 initial analysis of diffusion along disloca-
tions (as distinct from grain-boundary diffusion) was
examined by Tomizuka" and modided by Mortlock. '~

However, Harrison's'8 comprehensive treatment of the
kinetics of diffusion along dislocations correlated for
the 6rst time all the models of dislocation and grain-
boundary dlffUslon (even including that of Lidlard
and Tharmalingam") in terms of the parameter Dz,1/I.',
where Dl. is the bulk di6usivity, 3 is the time of anneal,
and I is the average separation of adjacent disloca-
tion cores (or grain size for polycrystalline materials),
Thus, the previous analyses' """'8which predicetd a
linear relationship between lnC (concentration of dif-
fusant) and x" in the direction of diffusion (m, =1, —,

or 6/5) all come under Harrison's type-B diffusion
kinetics (with Dzf//Is&~ 1(10s) where the influence of

"A. B.LeClaire, Phil. Mag. 42, 468 (1951).
'4 W. H. Rhodes, Sc.D. thesis, MIT, 1965 (unpublished)."E.W. Hart, Acta Met. 5, 597 (1957).
16 C. T. Tomizuka, Acta Met. 6, 660 (1958).
~7 A. J.Mortlock, Acta Met. 8, 132 (1960).
~s L. G. Harrison, Trans. Faraday Soc. 5?, 1191 (1961).
"A. B.Lidiard and K. Tharmalingam, Disc. Faraday Soc. 28,

64 (1959).
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Pro. 2. Concentration pro61es ot Ten'~ in pure single-crystal tellurium for diffusion along edge dislocations. p = 1.'l5 X10s cm/cm .

which mere subsequently stabilized by annealing in a
pure-argon atmosphere (static). This operation at the
desired diGusion-annealing temperature for a duration
about the same as that for the diffusion run reduced the
dislocation densities by a factor of 1.5—2.0 and no
further change in the dislocation density was observed
during the subsequent diffusion anneal. The disloca-
tion densities mere determined by etch-pit counting
in either (1010) or $0001) oriented samples. A typical
distribution of dislocations as a function of distance
from the surface is shown in Fig. 1. As is evident, any
desired density of dislocations can be used by chemically
polishing the sample. "The reported dislocation density
is the average of that at the surface and that at a dis-
tance 3 (Dr.t)' s from the surface. The sensitivity of the
counting equipment allowed sectioning up to a dis-
tance of 3 (Dr, t)Us from the surface (on an average).
The materials used for both edge- and screw-disloca-
tion-diffusivity determinations were 99.9999% pure
single crystal (from R. C. Keezer of this laboratory) and
was characterized by a room-temperature resistivity of
0.65 0-cm and majority-carrier density of 2X10" at
77'K. The parameter Dzt/ls was maintained between

'4 L. C. Lovell, J. H. %ernick, and K. E. Benson, Acta Met.
6, 'l16(1958);A. I.Blum, Fis. Tverd. Tela 2, 1666 (1960) I English
transl. : Soviet Phys. —Solid State 2, 1509 (1961)];J. S. Blake-
more, J.%. Schultz, and K. C. Nomura, J. Appl. Phys. 31, 2226
(1960); K. Herrmann, Phys. Status Solidi 1, 254 (1961)&R. J.
Stokes, T. L. Johnson, and C. H. Li, Acta Met. 9, 415 (1961);
G. Syrbe, Ann. Physik 4, 132 (1959).

10 ' and 10 4 for both the edge and screw-dislocation
type-C kinetics study. The concentration proiles ob-
tained under such conditions are shown in Figs. 2(a),
2(b), and 3. As expected the pro6les show a sharp drop
near the surface (due to lattice diffusion) and become
linear at deep penetrations. The lesser number of data
points along screw dislocations is due to easy accidental
bending of the samples at (1010) orientation (after
diffusion anneal and during handling prior to section-
ing). The difference in the units of the coordinates be-
tween Figs. 2 and 3 was to take into account the fact
that the edge dislocations were coincident in direction
with that of diGusion whereas the screw dislocations
were oriented at 60' to the diffusion direction. Conse-
quently the penetration along the screw-dislocation
cores was obtained by multiplying the section thickness
(along (1010)) by a constant factor of 1.1547 and the
speciic activity of all sections mas expressed in counts
per minute per micron of penetration along the screw-
dislocation cores. Only one of the tmo possible screw-
dislocation systems (along L11201 or [2110]s4) was
observed (from the orientation of etch pits) in any
sample. The diQusion coeflicients calculated from these

profiles using Fick's second lam solution under thin-6lm
boundary condition,

C(x, t) =Ln/(a Dpt)'"i exp( —a'/4Dpt) (1)

(where Dp ——dislocation-pipe diffusivity) are shown in
Flg. 4. As cxpcctcdp no dcpcndcncc of Qls].ocat1on dcn"



R. N. GHosHTA GORE

IO'

IO5-
EA
Ol
Ol

' g

tp
tl

V

IO" &

6

C
O

I-
0 Io~—

O

O
4.
O
bJ
CL
v) IO~—

Io

20
I

40 60 80 I 00
I I I I

T= 6I 7+0.54K, t =7.20x lo& sec
~ T= 595+0.5 K, t=7, 20xlo sec
L T= 579+0.5'K, t= l, 08x l04 sec

D T= 593+0.5'K, t=7.20x lo~ seC

~ T.548+0.5oK, t = l.80x l04 SeC

I2O xlo
Io~

1
P=

~ 2.62xlo-
No. /ctn3

P=
5.86xlo~ I04
No. / crn~-

l02

IO'

lo
IOO

20 50 40 50 60 xlo ~

DIST. ALONG DISLOCATION (Ctfl }

before breaking the capsule and making samples.
Attempts to make polycrystalline samples by slowly
quenching at room temperature (from the melt) or
by crystallizing just below the melting point produced
too large grains (2—3 mm across) to be of any use. How-
ever in all attempts to crystallize tellurium from the
melt, oblong grains were obtained (dimension along the
boule axis or c axis about 8—10 times higher than that
perpendicular to it). Moreover, the polycrystalline
samples had to be carefully selected to be practically
free from microcracks (due to the quenching technique
used).

Samples were Qnished from these polycrystalline
ingots" using practically no weight. Still, about 50—100 p
from the sample surface had to be chemically polished to
attain about 10' cm/cm' average dislocation density in
the grains. The dislocations were mostly localized in
the grains with the highest degree of misfit with respect
to the c axis. The subsequent steps of the sectioning
experiment were identical with that. of the single crys-
tals. The concentration profiles for type-C diffusion
along grain boundaries are shown in I'ig. 5. These data
were treated as in edge dislocations since no particular
degree of misorientation of grains could be used. The
same data in a 2000 ppm absolute (ppma) In-doped

Fra. 3. Concentration profiles of Te' in pure single-crystal
tellurium for diffusion along screw dislocations (along (1010)).

sity was observed. Along edge dislocations the dif-
fusivity (between 253 and 401'C) can be described by
the equation

DED=9.67X10 '
&&expL( —0.65+0.02 eV)/kT) cm'/sec. , (2)

whereas the same along screw dislocations (between
275 and 380'C) can be described by the equation

DHD= 7.12X10 '
XexpL( —0.98+0.10 eV)/kTj cm'/sec. (3)

Type-C kinetics was also used for diffusion along the
grain boundaries. Polycrystalline tellurium (99.9999%)
obtained from the Atomergic Chemetals Company of
New York City was melted in a sealed 8-mm-diam
quartz capsule (G.K. "copper-free") at 10 ' Torr and
immediately quenched in liquid nitrogen. This method
produced about a 75-y average grain size (by linear
analysis) with more than 90%%u~ of the grains preferen-
tially oriented (within a few degrees tilt or twist) along
the c axis (axis of the capsule). The orientation of the
adjacent grains was determined (within a few degrees)
from the orientation of dislocation etch-pit patterns as
has been done in NaC1."These frozen-in grain bound-
aries (showing cloverleaf pattern from the center out)
were stabilized by annealing at 100'C for a few hours
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FIG. 4. Self-diffusion coeflj.cients of Te"' in tellurium along
high-diffusivity paths as a function of temperature (under
type-C kinetics).
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crystals and grain boundaries in practically bulk. —

dislocation-free polycrystalline samples (by chemical
polishing). The value of the parameter Dzt/Ls was
maintained around 10. The concentration profiles of
Te 27™in tellurium under type-8 kinetics are shown in
Figs. 6 and 7. According to Fisher' the slope of these
log c-versus-x profiles is given by
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d loge = —P(2DI/D pb)'I' loge j//(vrDI t)'l4. (5)

Dph calculated using Kq. (5) are shown in Fig. 8. The
concentration profiles given in Figs, 6 and 7 are better
described by the Fisher equation in the case of grain
boundaries than in the case of dislocations. The grain
sizes in the polycrystalline samples changed from 75
to 145-p, in the undoped samples and 26 to 64-p, in the
2000 ppma In-doped polycrystalline samples. The
reported grain sizes are arithmetic averages of those
before and after the diffusion anneal. Since the dis-
location-density distributions shown in Fig. 1 were
unsuitable for the study of type-3 kinetics, the samples
were successively polished and annealed for 24 h
(at about 420'C) several times before attaining the
reported density. Moreover, electrochemical polishing,

Fzo. S. Concentration pro6les of Te"'~ in polycrystalline
tellurium under type-C-dif'fusion kinetics.

polycrystalline sample (average grain size 26-p) are
also shown in Fig. 5. Equilibrium polyhedral-shaped
grain boundaries (still mostly aligned along the e

axis) were, however, observed in these doped samples.
Grain-boundary-diGusion coefficients calculated from
the slopes of Fig. 5 using Eq. (1) are shown in Fig. 4.
The parameter Dzt/Ls was maintained between 10 '
and 10 ' in the case of grain boundaries. These grain-
boundary diffusivity data (between 280 and 390'C)
can be described by the equation

Dog=7.47&10 4

XexpL(—0.87+0.08 eV)/kT) cm'/sec. (4)

It is noteworthy that within the range of error no
diBerence in Dos was observed between the pure and
2000 ppma In-doped polycrystalline samples even
though electron microbeam-probe analysis indicated
about 2 times higher concentration of In near the grain
boundaries than in the matrix.
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B. The Use of Type-3 Di8usion Kinetics

According to Harrison" type-8 or mixed kinetics
should be observed in diffusion experiments where
DI.:'//L ls maintained between 1 and 10 . Among the
several analyses available for type-8 diffusion kine-
tics' ""only Fisher's analysis was used because of its
simplicity (even though it violated the experimental
boundary conditions). Type-3 kinetics was applied
independently to edge and screw dislocations in single
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20 50 40
X(crn)

IOO
xIO 4

FrG. 6. Concentration pro61es of Te'2' in pure single-crystal
tellurium for type-8-diGusion kinetics @)gng sere+ and edge dis-
locations. p =7.0X10'/cm'.
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amount of data necessary for two linear parts of the
profile (the one near the surface for Dr, and the other
at deep penetrations for Dr). The second linear part of
the pro6le at deep penetrations was extrapolated to the
surface and graphically subtracted from the experi-
mental pro6le near the surface. This operation produced
a satisfactory linear profile at low penetrations for the
determination of lattice dMusivity. Figure 9 also shows
the same concentration pro6le plot with In C versus x
which is adequately linear and whose slope should pro-
vide the value of the product D~5. The values of D~,
DI., and D~b thus determined fit the data in Figs. 8 and
11.Figure 10 shows the effect of longer and longer lattice
penetration on the composite pro6le. As is evident, the
mis6t region between the two linear prohles gets wider
with greater lattice penetration superimposed on larger
dislocation penetration. Data from two diferent samples
were normalized in Fig. 10 to dramatize the e6'ect.
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III. DISCUSSION
I'ro. 7. Concentration pro6les of Te~v in polycrystalline tellurium

for type-8-diGusion kinetics (pure and In doped),

etching, and etch-pit counting revealed practically
no change in the dislocation density for a depth of about
200 p from the surface. The values of the product D~5
shown in Fig. 8 can be described by the following least-
squares fit equations (between 335 and 400'C): (i) For
edge dislocations [p=7.0(+03)X10' cm/cm'j,

D~5= 4.38&&10 '0

Xexpf( —0.67+0.05 eV)/ATj cm'/sec. (6)

(ii) For screw dislocations +=7.0(+03)X10' cm/. cm'],

Dpi=9.45&(10 8

Xexp/( —0.94+0.10 eV)/kTj cm%ec. (7)

and (iii) For the polycrystalline samples (avg. gr.
size —110 ii),

Dg 5=1.11&10 s

Xexpf( —0.83+0.07 eV)/kTj cm%ec. (8)

Within the range of experimental error no difference in

the value of DJ 5 was observed between the 2000 ppma
In-doped and pure polycrystalline tellurium samples

(Fig. 8).

The activation energy of pipe self-diGusivity along
any particular type of high-diffusivity path (edge dis-
locations, screw dislocations, or grain boundaries) is
found to be (within experimental error) identical under
both type-8 and C kinetics. Thus, type-3 or mixed
kinetics also represents the faster kinetics energetically.
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C. Alternative Analysis of Type-3 Kinetics

Since Harrison's criteria for the transition of type-C
to type-8 kinetics has been found unduely restrictive

(with type-3 kinetics observed for the value of Dr,t/I. '
as low as 10 '), several detailed. studies of concentra-

tion profiles were made. Figure 9 shows that plots of

ln C versus x' can be used to determine independently

both DJ. and DI correctly using a graphical method"
as long as the abscissa scale can represent adequate

36 f. S. Lundy and J. I. I'ederer, Trans. AIMK 2/4, )285
($962); J. Askiii, gppl. Phys. Letters 9, 82 (1966).
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diffusivity data of Kazhlaeva et a/."in polycrystalline
material in producing higher apparent lattice self-
diffusion coefficients and lower activation energy of self-
diffusion. Since these authors have not published any
concentration profile this effect can not be analyzed.

Analysis of pre-exponential factors in Eqs. (6), (7),
and (8) provides some interesting information. Dividing
these factors by the pre-exponential factors of Eqs. (2),
(3), and (4), respectively, we get

5=4.53)&10 ' cm for edge dislocations

(p=7.0X10' cm/cm'), (9)

6= 1.33X10 5 cm for screw dislocations

(p=7.0X10' cm/cm'),
and

~= 1.49X10 'cm for grainboundaries (gr. size 110p).

The parameter 8 has been defined as the width of the
grain-boundary disordered region, but its meaning (as
obtained by Fisher's analysis) is unclear for dislocations.

Now if p=edge-dislocation density/cm' 8n ——grain-
boundary thickness (cm), rt ——radius of an average
grain (cm) in the polycrystalline sample, re ——disloca-
tion core radius (cm), and m=1/mr/=No. of grains
(av.) per cm', then the total grain-boundary area (to

"R. I. Kazhlaeva, A. A. Kuliev, and N. I. Ibragimov, Izv.
Akad. Nauk Azerb. SSR, Ser. Fiz. Mat. i Tekhn. Nauk 1962,
No. 3, 95 (1962).

Grst approximation) = (28n/rt) cm' per crn' and total
dislocation area=~rapcm' per cm' (assuming cy-
lindrical grains and dislocation pipes).

Now, since Eqs. (6), (7), and (8) intersect at
300&10'C as has been found for the anisotropy of
Dz,"[as also Eqs. (2), (3), and (4)j, then

2bn/rt=mra p. .

Putting p=7.0X10'/cm', rt S.SX1——0' cm, and
bn ——1.49X10' cm, we get re (edg. e dislocation)
=1.57&(10 ' cm.

So, if the grain boundary can be described by an
array of dislocations the calculated dislocation radius
comes out to be almost the same as the grain-boundary
thickness, Thus, the values of 8 obtained by Fisher's
analysis of type-8 kinetics [Eq. (9)]represent the edge-
dislocation core diameter (approximately) in tellurium.
Again it appears from Eq. (9) that the effective diam-
eter of an edge dislocation is about three times that of
a screw dislocation (at the same dislocation derisity).
Considering the fact that these values were obtained
only from the considerations of atom mobility in
tellurium this difference may be due to the correlation
effects in a linear chain as discussed by Rickert. "

Another striking result obtained in this analysis is
the order-of-magnitude values of grain-boundary thick-
ness or dislocation-core diameters. This average value
of about 0.15 p, is about 1.5)&10' to 3)&10' times larger
than the values usually assumed for grain-boundary
diffusion analysis (S—10 A). This means thatin tellurium
the disordered region in a grain boundary or at a dis-
location extends about 300 lattice parameters in con-
trast to the value of 4A obtained from electrical
measurements in tellurium by Slakemore et u/. '4 At
the other extreme, microhardness measurements around
grain boundaries in sulfur-segregated iron indicate about
a 100-p, wide hardened region around the boundary. "
Whether this high value of 8 is a peculiarity of tellurium
only or the analyses of type-8 kinetics available do not
describe DI'5 remains to be examined by a similar type
of measurement in other materials. Again, this r is
about the same order of magnitude as a dislocation
including jogs as calculated by Lothe. '0

The value of the activation energy for self-diffusion
along grain boundaries has been found to be inter-
mediate between those along the two types of dis-
locations. A model of the grain boundary (with no tilt
or twist angle) as an array of edge dislocations inclined

by a few degrees to the direction of diffusion lets us
visualize this observation.

IV. CONCLUSION

Direct determination of diffusivity along high-dif-
fusivity paths (dislocations and grain boundaries) is
possible using Harrison s type-C diffusion kinetics.

"H. Rickert, Z. Physik. Chem. (Frankfurt) 43, 129 (1964)."J.H. Westbrook and D. L. Wood, Nature 192, 1281 (1961).
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However, Harrison s criterion of transition from type-8
to type-C kinetics is found to be too restrictive by about
10'. Analysis of self-diffusion data (under type-8 con-
ditions) using Fisher's formula provided similar activa-
tion energies as those obtained from type-C kinetics.
Moreover, the two kinetics together provided a method
of determining the effective disordered region around a
grain-boundary or dislocation pipe. The experimental
values of this parameter, obtained for the first time in
any system, is about 1.5X10 ' cm. This is about two
orders of magnitude higher than usually assumed in
grain-boundary diffusion studies (about three lattice
parameters).

2000-ppma indium impurity (which is expected to
affect point-defect concentration as aluminum) has
been found ineffective in enhancing self-diffusivity
along the grain-boundary high-diffusivity path. Thus,

it is concluded that the high-diffusivity paths are
always saturated with vacancies and the activation
energy of self-diffusion along these paths could be less
than but not greater than the activation energy of
motion of vacancies in tellurium lattice (in correspond-
ing crystallographic directions). From these observed
data and from the behavior observed in ionic materials, '
it can be estimated that the activation energy of motion
of vacancies in tellurium is about 0.7 eV along [0001]
and about 1 eV along (1010) or (1120).
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The resistances of indium wires of diameter ranging between 0.642 and 0.0156 mm were measured at
regular temperature intervals between 1.2 and 4.2'K and in transverse magnetic 6elds up to 18 kG. The
bulk resistivity at 4.2'K, p&(4.2) = (0.93&0.03)X10 0 cm, and bulk mean free path, lb(4.2)
= (1.61~0.08) &&10 ' cm, deduced from our data agree with other recent measurements, as does the average
Fermi momentum, p~= l1.0&0.15)X10 " gem/sec, determined from observations of the MacDonald-
Sargjnson effect. Size-dependent deviations from Kohler's rule suggest that a new magnetoresistive mecha-
nism may be effective in wires of very small diameter (d &0.08 mm). Comparison of the product pplp at
4.2 and 0 K shows evidence of the size- and temperature-dependent resistivity contribution observed pre-
viously in indium and a number of other metals.

I. INTRODUCTION

'RANSPORT measurements on thin metallic
wires and films are of considerable interest be-

cause the results provide a variety of information on
both bulk and surface properties. The character of
surface scattering (diffuse or specular), the bulk mean
free path, and the average Fermi momentum of con-
duction electrons can be extracted from resistance and
magnetoresistance data"; measurements of thermo-
electric power as a function of sample size yield informa-

tion on the dependence of the electronic mean free path
on energy and also shed some light on phonon mean
free paths and phonon-surface scattering. '

* Supported in part by the U. S. Atomic Energy Commission.

t Present address: Bow Chemical Company, Midland, Michigan.
$ Present address: U. S. Naval Research Laboratory,

Washington, D. C.
~ E. H. Sondheimer, Advan. Phys. 1, 1 (1952).
~ J. L. Olsen, E/ectron Transport in Metals (Interscience Pub-

lishers, Inc. , New York) 1962), Chap. 4.
'R. Huebener, Phys. Rev. 140, A1834 (1965); 136, A1740

{1964).

We report here resistance and transverse magneto-
resistance results for very thin indium wires. Although
several previous studies on size effects in indium wires4 5

and foils'7 have already appeared in the literature, our
measurements exhibit new effects that manifest
themselves only in very thin wires (d(0.08 mm) and
were not observed in earlier work4' wherein only wires
of larger diameter were employed.

An exact treatment of scattering of electrons at
external surfaces requires a careful analysis of the
character of the surface and should include effects of
localized surface states. ' In the theoretical discussion of
transport'' in thin samples, this difhculty is generally
circumvented by assuming that a fraction p of the
electrons suffer specular reQection upon striking the

4 J. L. Olsen, Helv. Phys. Acta 31, 713 (1958).
5 P. Wyder, Physik Kondensierten Materie 3, 263 (1965).' K. Forsvoll and I. Holwech, Phil. Mag. 10, 181 (1964).
7P. Cotti, J. L. Olsen, J. G. Daunt, and M. Kreitman,

Cryogenics 4, 45 (1964).' R. F. Greene, Phys. Rev. 141, 687 (1966).


