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The thermal conductivity in the boundary scattering region of five type-II a diamonds with different surface
finishes was investigated. With polished surfaces the boundary scattering was found to be nearly temperature
independent but with a phonon mean free path two to three times the Casimir value. After a chemical etch or
a high-vacuum high-temperature anneal the scattering became temperature dependent, and the conductivity
was more in agreement with the height of the surface asperities. It is suggested that in polished diamonds the
phonons interact with the strain field associated with the network of microcracks underneath the abraded
surface.

I. INTRODUCTION

During the past 20 years the technique of low-
temperature thermal conductiv ity measurements
has been used increasingly as a means for studying
the interaction between phonons and lattice defects.
The thermal conductivity of pure and perfect crys-
tals of dielectric materials at low temperatures
does not have a unique value for the material but
depends upon the crystal dimensions. Casimir'
was the first to develop an approximate theoreti-
cal explanation of this boundary-limited conduc-
tivity by considering the heat flow in a cylindrical,
infinitely long, isotropic crystal with perfectly
diffuse walls. In this case the conductivity is
proportional to the temperature cubed and the di-
ameter.

Berman, Simon, and Ziman' and Berman,
Foster, and Ziman' were the first to confirm this
with work on diamonds and sapphires, respective-
ly. They also computed modifications of Casimir's
theory for crystals of finite length with various
amounts of specular reflection. This yielded a
modified size effect, in which the conductivity is
no longer simply proportional to the crystal diam-
eter, but is dependent on the ratio of crystal radi-
us to length and on the surface roughness. They
showed that not only did specular reflection in-
crease the conductivity by a factor (1+P)/(1-P),
where P varies with surface condition but that it
was also temperature dependent. The variation
with temperature occurs because with decreasing
temperature the average phonon wavelength in-
creases and eventually a surface of given rough-
ness appears smoother. Hurst and Frankl~ con-
firmed this modified size effect with work on high-
purity silicon but found that phonons travelling in
a certain direction, (100), are reflected with ap-
preciable specularity even from rough surfaces.
This latter observation was explained by McCurdy,
Maris, and Elbaum, ' who described another way

in which the conductivity may differ from the pre-
dictions of Casimir. They showed the conductivity
in the boundary regime to depend on the orienta-
tion of the crystal rod axis. That anisotropy was
accounted for in terms of phonon focusing due to
the fact that in elastically anisotropic cubic crys-
tals the phonon phase and group velocities are, in
general, not collinear. They generalized
Casimir's theory to include the effects of focus-
ing.

Thacher, ' working on LiF with rough sandblasted
surfaces, found the conductivity to be proportional
to the temperature cubed but found the phonon
mean free path (the distance between diffuse re-
flections) to be about 20%%up larger than that predicted
theoretically. Others (e.g. , Pohl, ' Klein, a and
Harrington and Walker9) working on alkali halides
also found discrepancies between the experimen-
tally determined mean-free-path and the theoreti-
cally predicted value. This difference was usually
attributed to the wrong value having been used for
the averaged sound velocity and some specular
reflection being present. Worlock, ' however,
suggested that it is not surface roughness which
is responsible for diffuse scattering but the tangle
of dislocation loops produced beneath the surface
by the impact of the abrasive particles when rough-
ening a surface. He suggested several experi-
ments to check this hypothesis. Thacher did these
and found his results to be consistent with Wor-
lock's suggestion. From his results Thacher con-
cluded that some unknown mechanism must be
responsible for the frequency-independent spec-
ular reflection off the dislocation network present
underneath a rough sandblasted surface.

In the present study boundary scattering experi-
ments were conducted on five natural type-IIa dia-
monds with different surface finishes. Optical and
electron microscope pictures were taken of the
surfaces and the size of the surface asperities
measured. Because of its very high Debye tem-
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perature (about 2200 K), diamond has its thermal
conductivity peak at a relatively high temperature
(70-80 K) and thus has a large region where bound-
ary scattering predominates. This region can be
up to at least 10 K for very pure diamonds and is
thus larger than for alkali halides, in which bound-
ary scattering dominates up to only about 5 K.
For the same reason diamond has the advantage
that the wavelength of the dominant phonons at low
temperatures is longer than for any other crys-
tals, so a good comparison of these with the sur-
face asperities is possible.

II. EXPERIMENTAL

The apparatus used for measuring the thermal
conductivity was a conventional 'He cryostat, sim-
ilar to the one reported by Walton, "and capable
of operation to 0.3 K. The diamond holder was
similar to a design used by Berman, Simon, and
Ziman. The heater was pressed by means of a
screw onto the bottom end of the diamond. The
top end was pressed into the base of a small cop-
per rod which was connected to the bottom of the
'He bath. The heat thus entered the diamond at
the bottom and exited at the top. The two ther-
mometers were germanium resistors with a
range of resistances from about 20 0 at 20 K to
40000 0 at 0.3 K thus giving a very high sensitiv-
ity. These thermometers were calibrated against
two other germanium resistors which were cal-
ibrated against primary temperature standards.
The absolute readings of the thermometers can
thus be expected to have a very slight error but
the relative readings should not be affected. Ther-
mal contact of the thermometers to the diamond
was made with indium coated clamps tightened by
small screws. Self-heating of the thermometers
was avoided by using appropriate currents and
adequate thermal isolation of the thermometers
from their surroundings was assured by using
the appropriate sized leads. A "two-heater""
method was used to correct for any heat lost from
the diamond by any other path and to correct for
any relative drift in the calibration of the thermo-
rneters. With thermometers of the above sensitiv-
ity, ~T, the temperature difference, can be de-
termined to an accuracy of at least 2% below 10 K
and to about 4% above this temperature. Measure-
ment of the geometrical factor, the distance be-
tween the midpoints of the thermometer clamps,
had an accuracy of about 4%. From these consid-
erations it follows that the thermal conductivity
measurements have an absolute error of about 7%

below and K/p above 10 K. A detailed experimental
discussion including test experiments has been
given elsewhere. "

The five diamonds were type IIa according to
their uv transparency limit. The classif ication of
diamonds into types Ia, Ib, IIa, and IIb is given by
Herman. " Type-II diamonds are much purer and
contain considerably less nitrogen than type-I dia-
monds. The uv absorption curve between 15000
and the edge at about 45000 wave numbers (or
5.4 eV) has been called the uv tail. This curve
was featureless and only the height of the tail dif-
fered for different diamonds. The height of this
tail is believed to be an indication of the purity of
the diamond" (the lower the tail the purer the dia-
mond, see Table II). The diamonds were polished
into long rectangular rods of square cross section
with typical dimensions of 10X1.3 x 1.3 rnm. They
were always polished in such a way that the end
faces were dodecahedron faces {110)and the side
faces dodecahedron and cube faces {100j. This
means that the heat Qow was always in or nearly
in a (110) direction. These directions were not
chosen but resulted because of polishing consid-
erations, i.e., easy polishing directions. For
diamonds IIa-1 and IIa-5 the heat Qow was ex-
actly in a (110) direction and for diamonds Iia-2
and Iia-7 it was only a few degrees off a (110) di-
rection. For IIa-6 the orientations were not de-
termined since the diamond was destroyed acci-
dentally before this could be done. Calculations
by McCurdy et al. show that for this orientation
in diamond no phonon focusing occurs; the theo-
retical mean free path they calculated for diffuse
scattering being 1.11d compared to the expected
1.12d. No phonon focusing corrections need thus
be made. The actual dimensions of each diamond
when they were first used were IIa-1, 10.6X1.09
&1.09 mm; IIa-2, 10.0&1.30&1.25 mm; IIa-5,
9.3~1.295&&1.315 rnm; IIa-6, 13.1&1.31X1.28
mrn; and IIa-v, 11.6X1.33&1.35 mm. Every pol-
ish reduced the sides by approximately 0.03 mm.
The diamonds were polished with diamond grit of
four sizes: 0-2-pm grit, 4-8-p, m grit, 50-pm
grit, and 30-60-p.m grit. All polished surfaces
were completely covered with polish marks con-
sisting of ridges and grooves of various sizes.
The polish marks on a particular side were in the
same direction, at either about 45 or 90' to the
long side of the diamond, depending on the easy
polishing direction of the side. The polish marks
along the length of the diamond on two sides were
found only for diamond IIa-6. IIa-1 was annealed
at 1100 C for 10 h in an argon atmosphere and
came out cloudy (a surface effect) (run 47). Iia-2
(run 62) was annealed at 1100 'C for 10 h in a poor
vacuum and came out black. The surface which
had graphitized was cleaned in an acid solution.
The above two anneals in which the polish marks
had been removed by the thermal etch and the re-
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maining surface was rough and pitted will be called
a roughening anneal. Diamonds Iia-2 (run V5},
iig-5 (run 84), Iia-6 (run 107), and Ila-7 (run 113)
were annealed at temperatures from 1100 to
1350 IC for 10 h in a bakeable ultrahigh vacuum
system with vacion and titanium sublimation
pumps giving a vacuum of between 10 'and 10 '
Torr (a high vacuum anneal}. Both before and
after the anneal the diamonds were clear with the
polish marks visible to the eye. Qytical micro-
scope pictures with magnifications up to 500 taken
before and after the anneal showed that nothing
had changed on this scale.

III. THEORY

7 '(x, T)= Q r, '(x, T}, (2)

where v,' is the relaxation time for the ith scatter-
ing mechanism. Since normal yhonon-phonon scat-
tering processes are neglected in the Debye model,
only boundary, isotope, point defect, and dislocation
scattering need be considered. The total inverse
relaxation time can then be written in terms of u
and T as

v' '((u, T) =v/Lc +B(u'+Du), (3)

where Lz, called the Casimir length, is the mean
free path of the phonons (i.e. , the distance between
diffuse reflections) for perfectly diffuse boundary
scattering. It is equal to the diameter if the crys-
tal is a cylinder or equal to 1.12d if the cross sec-
tion is a square of side d. The first term is the
relaxation rate for boundary scattering. Bu4 and
Du represent scattering by isotopes and impurity
point defects and by dislocations, respectively.
The parameter B is thus a measure of the point
defect concentration.

At low temperatures, where the phonon density
of states is very well approximated by the Debye
density and where normal processes can be neg-
lected, '" the Debye theory is well suited to de-
scribe the thermal conductivity. This leads to
the equation (called the Debye model for thermal
conductivity)"

X4e'
7(&, T) (, 1), dx,

in which v is an appropriately averaged sound ve-
locity; r(x, T) is the total relaxation time for the
different scattering mechanisms; x =hru/QT; and

k~, A, and ~ have their usual meaning. When more
than one scattering mechanism is yresent the usu-
al combined relaxation time, based on the lack of
evidence for interdependence of scattering mecha-
nisms, is

At the very lowest temperatures, where bound-
ary scattering is the dominant phonon scattering
mechanism, the thermal conductivity is obtained
from Eqs. (1)and (3}by considering only the bound-
a,ry scattering term (i.e., taking r '=v/Lc). With
the Debye velocity v =1.32x10' cm sec ' the follow-
ing expression, which is similar to that given by
Casimir, is obtained:

K=2.34x10 'L~T' WK 'cm '. (4)

The mean phonon velocity can be calculated in oth-
er ways (e.g. , taking (v ')/(v ')). This has the ef-
fect of changing the proportionality constant in Eq.
(4) by only a few percent. For example, the ratio
of the averages of the inverse square and the in-
verse cube of the phonon phase velocity for dia-
mond is 1.308x10' cm sec '(using the elastic con-
stants C,yp Cy2y and C,4 given by McSkiman and
Bond") and when substituted into Eqs. (1)and (3)
results in the proportionality constant 2.3Vx 10 '.

Equation (4) has to be corrected to take into ac-
count the finite length of the diamond. ' This length
correction is of the order of d/L (where L is the
length of the diamond) and lowers the theoretical
K/T' value for perfectly diffuse boundary scatter-
ing for diamond Ila-I by about 10% and for diamond
Iia-2 by about 12/o (indicated as the corrected
theoretical Casimir value in the graphs).

From Eq. (4) it can be seen that K/T' is a mea-
sure of the phonon mean free path and should be a
constant for perfectly diffuse boundary scattering.

However, when the roughness of the surface,
given by the height of the surface asperities, is of
the order of or less than the wavelength of the dom-
inant phonons (those phonons at temperature T for
which ku =3.8k~ T since the maximum of the syecif-
ic heat integral occurs at" x =5~/AT =3.8), some
of the yhonons will be specularly reflected. This
causes the temperature dependence of the conduc-
tivity to be less than T'. The yhonon mean free
yath has now become temperature dependent and
greater than Lc meaning that K/T' is no longer
constant but increases with decreasing tempera-
ture since the fraction of specular reflections in-
creases with dec reasing temperatures. " This in-
crease in specular reflections is in agreement with
the qualitative idea that the surface appears to be
smoother the longer the phonon wavelength.

In the purest diamonds point defect impurity scat-
tering becomes noticeable above about 10 K and
increases with temperature since its relaxation
rate is proportional to u'. In this case the phonon
mean free path is smaller than L& and therefore
K /T' is less than the theoretical Casimir value
and decreases with increasing temperature. In
less pure diamonds point defect impurity scatter-
ing can become important at lower temperatures.
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TABLE I. Summaryof resultsondiamonds IIa-1 and IIa-2. The slope (d loggp X/d 1og&p T)
was found be@veen 1 and 10 K.

Diamond Treatment d logfpX/d logfp T

39
40
47

53
57
60
62

73
75

Qa -1
Qa-1
Qa -1

Qa -2
Qa -2
Qa -2
Qa -2

Qa -2
Qa -2

50-pm polish
0- ~ -p, m polish

2
annealed in argon

(rough surface)
50-pm polish
0- T~ -pm polish
KN03 polish
annealed in poor vacuum

(rough surface)
50-p m polish
vacuum annealed

2.91+0.005
2.93+ 0.005
2.85+ 0.005

2.87+ 0.005
2.85+ 0.005
2.54+ 0.015
2.82+ 0.005

2.89+ 0.005
2.50 + 0.015

The experimental results that follow in Sec. IV
are given as plots of K/1 vs T to clearly show

any deviation from the behavior predicted by
Casimir for diffuse boundary scattering. For the
experimental results reported here this is more
informative than a plot of log,+vs log, oT.

The results reported here have actually been fit-
ted with a model consisting of Eqs. (1)-(3)and a
term taking specular reflection into account. "
However, the parameters obtained from the com-
puter fits did not give more useful information
about phonon scattering in the boundary region than
that already presented here.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The results of all experiments on the two dia-
monds IIa-1 and IIa-2 are summarized in Table I.
The slope of the curves of log,+ vs log„T was
found with a least-squares fit between 1 and 10 K,
which is the approximate range of the boundary
scattering region. For perfectly diffuse boundary
scattering the slope should be 3.00.

A plot of K/T' vs T for Iia-I with three different
surface finishes is given in Fig. 1. Curve C (run
4V) represents the diamond after a roughening an-
neal. Pictures of the surface were taken in the
electron microscope. The surface consisted of
many small pits of an average size of about 300 A

and a smaller number of larger pits with an aver-
age size of about 1000 A. The surface was very
nonuniform with steps, pits, and slopes. There
were also regions with very little structure or
hardly any pits at all. The wavelength of the dom-
inant phonons varies between about 160 A at 10 K
and SOO A at 2 K. From a comparison of the di-
mensions of the pits and the phonon wavelengths,
curve C would be expected to agree with the cor-
rected theoretical Casimir value except at the
lowest temperatures. However, because of the
onset of impurity scattering at higher tempera-

800.

600-

ooo-]'

400-

300-

200- corrected theoretical~
Casimir value

l00 I

0 2 4
I I I

I0 l2 l4

T (K)

I I

tS i8 20

FIG. 1. Plot of K/T3 vs T for three different surface
finishes on diamond IIa-i.

tures, curve C falls below the Casimir value. At
lower temperatures curve C goes above the Casi-
mir value because of some specular reflection (the
phonon wavelengths start to become larger than
the surface asperities, especially in those regions
where there is very little structure or pits). The
specular reflection becomes pronounced below
about 2 K because the dominant phonon wavelength
increases sharply at these very low temperatures
(from about 800 A at 2 K to 1600 L at 1 K and to
3200 A at 0.5 K).

Curves A (run 40) and B (run 39) represent a
0-&-pm and a 50-pm diamond grit polish, respec-
tively. Very surprisingly the curves are nearly
identical. Both have a very slight temperature
dependence between 1 and 10 K, the conductivity
being proportional to T", and have a phonon mean
free path about three times the Casimir value in

this range. Observations with a phase contrast
optical microscope of the 50-pm polished surfaces
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showed scratches with a width of 3-10 p, m. From
the width of the shadows the depth was determined
to be up to about 3 p, m. The scratches of the
0--,'-p. m polished surface were barely visible at
magnifications of up to 500. The use of an electron
microscope and a carbon-platinum replica technique
gave some additional information. The 50-p m pol-
ish showed many small ridges and grooves inside
and between the main polish marks. These smaller
scratch marks had a width of between 300 and 1500
L and a depth of between 100 and 600 A. The lower
limits of these dimensions were based on the maxi-
mum magnification of 15000 times which was used.
Driver" has shown that more and more scratches
become visible inside and between the smaller
grooves at higher magnifications. The smallest
asperities he found were about 50 A in size. He

believes it is very difficult to determine the exact
depth of the scratches because of the presence of
so many scratches inside each other and the diffi-
culty of exactly defining the edges of the scratches.
The 0-& -p m polish had ridges and grooves of
about the same sizes as the smaller scratch marks
on the 50-p, m polished surface.

From a comparison of the dimensions of the
scratches and the phonon wavelengths, specular
reflection would have been expected to dominate
at the lowest temperatures and diffuse scattering
at the highest temperatures of the boundary scat-
tering region. A nearly temperature- independent
scattering between 1 and 10 K with a phonon mean
free path of about three times the Casimir value
was certainly not expected. These results thus
show that in this temperature region the phonons
cannot be scattered by the surface asperities
(ridges and grooves) but must be scattered before
reaching the surface. This scattering process is
nearly temperature independent since the conduc-
tivity of the polished diamond is very nearly pro-
portional to T' (slopes of 2.91 and 2.93 instead of
3.00). Also, since the phonon mean free path is
about three times the Casimir value it follows that
this scattering process is specular. Hence, it is
a nearly-frequency-independent specular scatter-
ing process. But at very long wavelengths (below
about 1 K for IIa-1 and 2 K for IIa-2) frequency-
dependent specular reflection clearly dominates.
In no way can defect and dislocation scattering in
the bulk of the diamond explain these results be-
cause it would make the mean free path smaller
than the Casimir length, not larger. Defect and
dislocation scattering are the reason for the in-
crease in the temperature dependence (i.e., faster
decrease) of K/T' above about 10 K. Since all nat-
ural diamonds contain about 1% of the "C isotope,
it would be interesting to see if this isotope or the
impurity point defects are the cause of the slope

800-

300-
corrected theoretical

Casimir value
200-

100 I I I I I

10 12 IC 16 18 20

T (K)

FIG. 2. Plot of K/T vs T for four different surface
finishes and treatments on diamond IIa-2.

being less than 3.00. Using the isotope effect re-
laxation rate given by Klemens, ' the value of B
[ in Eq. (3)] for the "C isotope is found to be 0.14
X 10 sec'. From Eqs. (1) and (3), with only the
boundary scattering and isotope relaxation rates,
values of K can be determined which can then be
used to find the slope between 1 and 10 K. The
slope was found to be 2.996 thus indicating that it
is the scattering by the impurity point defects and
not by the isotopes that results in slopes with val-
ues of about 2.90.

Results on diamond IIa-2 are shown in Fig. 2

and agree very well with the results on IIa-1.
Curve D (run 62) represents the annealed, rough-
ened surface which was completely covered with a
very large number of small pits up to 600 A in

size and a few larger regions up to several thou-
sand g of what appears to be hardly affected orig-
inal surface. The small pits were very closely
spaced to each other. As with diamond IIa-1, from
the dimensions of the pits and the nonuniformity of
the surface, curve g) would be expected to agree
with the corrected theoretical Casimir value but
falls below it because of impurity scattering at
high temperatures and increases above it because
of specular reflection at low temperatures.

Curves A (run 5V) and B (run 53) represent the
0-&- and 50-pm polish, respectively. The fact
that these curves do not agree as well as the cor-
responding curves in Fig. 1 is most likely due to
form factor errors of about 4$. These curves
show a slight temperature dependence, the con-
ductivity being proportional to T' ', and a phonon
mean free path between two and three times the
Casimir value in the boundary scattering region.
The important point is that the conductivity for
each diamond with polished surfaces has a temper-
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ature dependence nearer to T' (slopes from 2.85
to 2.93) than that for the diamonds with roughened
annealed surfaces (sloyes from 2.82 to 2.85). The
significance of this is that it shows that the scatter-
ing process below the polished surface is nearer
to perfectly diffuse boundary scattering than the
actual scattering off the rough surfaces even though
the phonon mean free path is two to three times
the Casimir length. These slopes for the rough-
ened surfaces seem very reasonable when compared
to the values found by Hurst and Frankl' who, in
their work with rough-surfaced high-purity silicon
crystals, determined the slopes to be between 2.90
and 3.00. For rough-surfaced high-purity germa-
nium crystals, Frankl and Campisi" found the
slope to be "well below 3.00" and attributed it to
isotope and impurity scattering. To get an exact
T' dependence very high-purity samples would be
needed. To investigate the baffling nearly frequen-
cy independent scattering with a phonon mean free
path over twice the Casimir value the following two
experiments were done on IIa-2.

Curve C (run 60) represents a potassium nitrate
etch at 600 'C for 3 h. Electron microscope pic-
tures showed that the etch had attacked the polish
ridges, smoothing them slightly and had left quite
a few small etch pits on the surface. The polish
marks are still clearly visible but a considerable
number of etch pits, up to about 700 A in size and
spaced from about 500 A to thousands of L apart,
now cover the surface. From a comparison of the
dimensions of the ridges, grooves and pits with
the phonon wavelengths, some specular reflection
would be expected at the lowest temperatures and
diffuse reflection at higher temperatures. Curve
C shows this with a temperature dependence ofT'" and a phonon mean free path rapidly increas-

1000-

900-

SOO-

700-

polish
nneal in

vucuum

600-

500-

400-

300-

I I

2 4 6 S 10 12 14 16 18 20

T tK)

FIG. 4. Plot of K/T vs T for runs on diamond IIa-5
with a 4-8-pm polished surface and after a high vacuum
anneal.

ing with decreasing temperature. This indicates
that the phonons are reflected off the surface itself.

Curve B (run 75 in Fig. 3) shows the effect of a
high vacuum anneal of IIa-2 with a 50-pm polished
surface. As in the case of the chemically etched
surface, the high-vacuum-annealed diamond gave
a conductivity, which was proportional to T'~,
more in agreement with the surface finish than
that of the 0--,'- and 50-p.m polished diamonds.
Especially for the "rougher" 50-pm polished sur-
face diffuse scattering would have been expected
at higher temperatures.

The high-vacuum-annealing result (run 75) was
surprising because no noticeable change in the
surface structure had taken place. This annealing

experiment was carried out on an additional three
diamonds (IIa-5, IIa-6, and IIa-7) to further in-
vestigate the boundary scattering after a high vac-
uum anneal.

Figure 4 shows the results obtained on diamond
IIa-5 with a 4-8-pm polish (run 77) and after a
high vacuum anneal at 1100'C (run 84). The curve

400-

TABLE II. Comparison of the slope, height of the uv

tail, and color for five IIa diamonds with polished sur-
faces.

300-

corrected theoretical
Casimir value Diamond

d logipK
d log(p T

Height of uv
tail, arbitrary

units Color

I I I I I

10 12 14 16 18 20

T tK)

FIG. 3. Plot of K/T vs T for diamondlla-2 with a
50- p, m polished surface (curve A) and after a high vac-
uum anneal (curve B).

lla -1
Ila -2
IIa -5
IIa -6
IIa -7

2.91-2.93
2.85-2.89
2.73
2.83-2.88
2.87

0.18+0.02
0.19+0.02
0.60 + 0.02
0.28 + 0.02
0.20+ 0.02

White
White
Brown
White
White
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300-
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FIG. 5. Plot of K/T vs T for diamond IIa-6 with three

different surface treatments. The corrected theoretical
Casimir value is not shown because it falls off the graph
at K/T3 = 303 x f0 5.

FIG. 6. Plot of K/T vs T for diamond IIa-7 with a
30-60-pm polished surface and after a high vacuum
anneal.

for the polished diamond shows no region where
the conductivity is nearly proportional to T' and
K/T' even cuts the corrected theoretical Casimir
value at 16 K indicating a large amount of impuri-
ty scattering. The actual temperature dependence
is 7' "which is considerably less than for IIa-1
and IIa-2. This difference is in agreement with
the height of the uv tail. Table II shows the rela-
tionship between the slope (d log»K/d log» T) of
the conductivity of the polished diamonds between
1 and 10 K, the height of the uv tail between 15 000
and 45000 wave numbers and the color of the dia-
mond. Table II clearly shows that the temperature
dependence of the conductivity of polished diamonds
is closer to T' the lower the uv tail, i.e., the
purer the diamond.

The curve representing the high-vacuum-annealed
diamond (run 84) crosses the curve for the pol-
ished diamond at about 3 K. Below this tempera-
ture the phonon scattering in the annealed diamond
is more specular while above this temperature it
is slightly more diffuse. This qualitatively agrees
with the result obtained on IIa-2 [the slope of the
conductivity of the annealed diamond is 2.52 (run
84) compared to 2.50 for Ila-2] but the quantitative
changes are much smaller. The reason for this is
that since IIa-5 is definitely not as pure as IIa-1
and IIa-2 there will be more defect scattering and
less boundary scattering.

Figure 5 shows three runs on diamond IIa-6.
The curve for the 4-8-pm grit polished surface
(run 101)agrees with the one for the 30-60-pm
polished surface (run 103)at the lowest tempera-
tures. This is a good confirmation of the agree-
ment between the runs on the 0-—,'- and 50- p.m
polished surfaces of diamonds IIa-1 and IIa-2.
The K/T' curve for the high vacuum anneal of the

30-60-pm polished surfaces (run 107) crosses the
other two runs at about 4 K in good qualitative
agreement with diamonds IIa-2 and IIa-5. But
again the decrease above 4 K is not as large as
in run 75 (IIa-2). The slope of the conductivity
of run 107 was 2.66 compared to about 2.50 for
the other anneals. The slopes of the conductivity
of the two polished runs were 2.83 (run 101}and
2.88 (run 103), which are about the same as for
IIa-2, indicating the diamond to be quite pure.
There must thus be another reason for the lack of
decrease above 4 K. Two of the sides of this dia-
mond had scratch marks running longitudinally.
Instead of giving rise to diffuse scattering after
the high vacuum anneal, these sides probably con-
tributed to the specular reflection of the phonons
resulting in a higher than expected K/T' value.
Attempts to polish these two sides at 45 or 90'
to the length resulted in the diamond being chipped
badly making the diamond unusable for additional
experiments. The diamond just would not polish
in those directions (hard polishing direction).

The last experiment of this nature was done on
diamond IIa-7. Figure 6 shows the K/T' curve
for the 30-60-pm polished diamond (run 112}and
the high-vacuum-annealed diamond (run 113). The
latter again crosses the former at about 4 K as
with all three diamonds on which this type anneal
was done. The slopes were 2.87 for the conductiv-
ity of the polished diamond (run 112}and 2.63 for
the annealed diamond (run 113}. This change is
about the same as for diamond IIa-6 but not as
large as for diamond IIa-2. The direction of the
scratches might play an important part in deter-
mining the conductivity after an anneal. This point
would be worth a much more detailed investigation.

The runs on diamond IIa-5, IIa-6, and Qa-7
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thus confirmed the results obtained on IIa-2 with
a polished surface and after a high vacuum anneal
but the quantitative changes were not as large.
For all these diamonds it was found that after a
high vacuum anneal of the diamonds with polished
surfaces the conductivity was more in agreement
with the height of the surface asperities than the
conductivity before the anneal.

V. CONCLUDING REMARKS

Frank, Lawn, Lang, and Wilks, with work on
abraded (polished) diamond surfaces, showed that
a polished diamond surface had a network of mi-
crocracks with an associated strain field under-
neath the surface. According to them the size of
the cracks is of the order of the diameter of the
abrading particle and the cracks lie in the (111}
cleavage planes. The side faces of the diamonds
were (100) and (110jplanes, so the cracks would

be oblique to the surface. It is suggested that in

the polished diamonds the phonons interact, with
a nearly-frequency-independent mechanism, with

this layer of cracks and its associated strain field
leading to an increase of the conductivity in the
boundary scattering region. The strain field
would then partly or even wholly shield the surface
irregularities (ridges, grooves, etc.) from the
phonons. A chemical etch or a high vacuum anneal
could partly or completely heal the cracks and re-
lieve the strain field making it possible for the
phonons to encounter the actual surface. This
model could explain the observed results. These
results would then be in some way similar to
those of Worlock" and Thacher. ' In their case a
frequency-independent scattering mechanism off
dislocations, and their associated strain fields,
was suggested to expla. in the results (a mean free
path 2+ larger than the Casimir value) observed
by them.

ACKNOWLEDGMENTS

I am grateful to Professor F. R. L. Schoning for
the many discussions and the critical reading of
this paper and to the De Beers Research Labora-
tories for supplying and polishing the diamonds.

'H. B. G. Casimir, Physica (Utr. ) 5, 495 (1938).
2R. Herman, F. E. Simon, and J. M. Ziman, Proc. R.

Soc. Lond. A 220, 171 (1953).
~R. Berman, E. L. Foster, and J. M. Ziman, Proc. R.

Soc. Lond. A 231, 130 {1955).
W. S. Hurst and D. R. Frankl, Phys. Rev. 186, 801
(1969).

A. K. McCurdy, H. J. Maris, and C. Elbaum, Phys.
Rev. B 2, 4077 (1970).
P. D. Thacher, Phys. Rev. 156, 975 (1967).
R. O. Pohl, Phys. Rev. 118, 1499 (1960).
M. U. Klein, Phys. Rev. 141, 716 (1966).
J. A. Harrington and C. T. Walker, Phys. Rev. B 1,
882 (1970).

' J. M. Worlock, Phys. Rev. 147, 636 (1966).
'~D. Walton, Rev. Sci. Instrum. 37, 734 {1966).
' R. Berman, in Experimental Cryophysics, edited by
F. E. Hoare, L. C. Jackson, and ¹ Kurti (Butterworths,
London, 1961), p. 333.
J. W. Uandersande, Ph. D. thesis (University of the

Witwatersrand, Johannesburg, South Africa, 1974)
(unpublished).

'4Physical ~opeAies of Diamond, edited by R. Berman
(Clarendon, Oxford, 1965), pp. 7 and 8.

' C. D. Clark, R. W. Ditchburn, and H. B. Dyer, Proc.
R. Soc. A 234, 363 (1956).

6R O Pohl Z Phys 176& 358 (1963)
H. J. McSkimin and W. L. Bond, Phys. Rev. 105, 116
(1957).
J. M. Zjman, Electrons and Phonons (Clarendon, Ox-
ford, 1960).

' Driver, Diamond Conference, Bristol, 1972 (unpub-
lished) (private communication).

' P. G. Klemens, Proc. R. Soc. A 68, 1113 (1955).
D. R. Frankl and G. J. Campisi, in International Con-
ference on Phonon Scattering in Solids, Pa~is, 1972,
edited by H. J. Albany (La Documentation Frangaise,
Paris, 1972), p. 88.
F. C. Frank, B. R. Lawn, A. R. Lang, and E. M.
Wilks, Proc. R. Soc. A 301, 239 (1967).


