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Phonon scattering in lightly neutron-irradiated diamond
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We report measurements on the thermal conductivity of diamond irradiated with fast neutrons. Low
levels of irradiation ( (10' neutrons cm ) create vacancies and small regions of disordered carbon,
whereas heavy doses ( & 10 neutrons cm ) initiate vitrification. In this sense diamond is similar to the
well-studied case of irradiated quartz. Our results in the low-dose regime are consistent with additional

phonon scattering in the irradiated material by the extended regions of disordered carbon. The size and

concentration of these regions are derived from the thermal-conductivity data correlate with those deter-
mined from the infrared spectra as well as with those estimated from a radiation-damage model. A com-

parison is made between the thermal conductivity of the irradiated material and that of synthetic vapor-

deposited diamond films.

I. INTRODUCTION

Due to the extraordinarily high thermal conductivity
of type-IIa diamond (exceeding 20 W cm 'K ', five
times that of copper at room temperature), chemically
vapor-deposited (CVD) diamond films have been pro-
posed for many heat-transfer applications. Early stud-
ies' indicated, however, that the thermal conductivity
of films was no more than half that of single crystals. In
recent years, though, the growth of high-quality CVD di-
amond has proceeded dramatically, and recent reports '

place the thermal conductivity of diamond films as high
as 17 W cm 'K '. While it has been recognized that
the lower value for films in comparison to that of a single
crystal is due partly to a crystallite size effect, ' the role
of defects in limiting the thermal conductivity has not yet
been fully explored. Morelli, Hartnett, and Robinson
noted that films grown by hot-filament vapor deposition
had lower room-temperature thermal conductivities than
those grown by a microwave process, and exhibited a
strong dip in the thermal conductivity between 15 and 60
K. This was attributed to an additional scattering of
heat-carrying phonons by either a resonant or a precipi-
tated defect in the hot-filament samples. Candidate de-
fects were sp -bonded carbon, vacancies, or metallic fila-
ment impurities. While it has been suggested that there
is a correlation between the room-temperature thermal
conductivity and the amount of sp -bonded carbon in a
diamond film as determined by the ratio of the intensities
of the sp and sp -bonded carbon peaks in the Rarnan
spectrum, ' no such definite trend has been observed. A
difficulty in this regard is that vapor-deposited diamond
films possess a rich defect spectrum and, in addition to
containing sp -bonded carbon, they also may contain, de-
pending on the growth conditions, vacancies, carbon in-
terstitials, hydrogen, nitrogen, and metallic impurities, all
of which are capable of influencing the ability of these
materials to conduct heat. In addition, the crystallite size

can differ dramatically from film to film and even across
the thickness of a single film. These factors complicate
the analysis of thermal-conductivity data in terms of
scattering processes to the extent that it is difficult to
determine the influence of each type of defect on the
thermal conductivity.

One way around this problem is to introduce some of
these defects into a diamond single crystal in a controlled
and well-determined way and study their influence on the
thermal conductivity. The technique we have chosen is
irradiation by fast neutrons. For low Quences ( (10'
neutronscm ) neutrons produce lattice vacancies and
small regions of disordered carbon. ' As the neutron
fluence is augmented, the damage increases to the point
that for fluences greater than 10 neutrons cm
amorphization of diamond develops. ' '" Thus two im-

portant types of defects in diamond films, vacancies, and
regions of disordered carbon, can be produced artificially
in a single crystal by neutron irradiation. Furthermore,
each of these defects has a characteristic optical signa-
ture: a neutral vacancy in diamond lurninesces at 1.673
eV, a vacancy complexed with two nitrogen atoms emits
light at 2.463 eV when excited, and disordered carbon
displays a peak in the Raman spectrum near 1600 cm
and a continuum of absorption in the one-phonon region
of the infrared-absorption spectrum.

Any discussion of defects in natural diamond necessari-

ly must recognize the subtle but important role played by
residual nitrogen impurities in determining the ultimate
structure of defects in this material. Extensive optical
and electron paramagnetic resonance (EPR) experiments
have established that nitrogen can exist in three different
configurations in the diamond lattice: (1) as isolated sub-
stitutional impurities, which produce an EPR signal and
infrared absorption at 1130 cm ', (2) A aggregates, or
nitrogen-atom pairs, which are EPR inactive and exhibit
infrared absorption at 1282 and 1197 cm ', and (3) B ag-
gregates, which are larger aggregates of nitrogen atoms
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and show infrared absorption at 1175 and 1282 cm
Combination of these nitrogen centers with one or more
vacancies is the source of the rich optical spectroscopy of
diamond, and can provide a powerful tool for character-
izing the defect state of an irradiated diamond.

With regard to thermal conductivity, there have been
numerous studies on the inhuence of neutron irradiation
on this property of nonmetallic solids. Examples include
sapphire, ' *' which does not amorphize under any radia-
tion dose, to silicon, ' which exhibits only a 15%
amorphization at a fluence of 10 ' neutrons cm
Perhaps the most well-studied and fascinating system is
quartz, which, like diamond, undergoes vitrification upon
neutron irradiation, and thus has been the subject of
many studies' ' which have probed the tunneling na-
ture of heat transport in the amorphous material. In-
terestingly, while the inhuence of neutron irradiation on
the optical properties of diamond has been studied in
great detail, ' the effect on the thermal conductivity has
not been considered. ' In view of the wealth of informa-
tion gleaned from such studies on quartz, this situation is
quite surprising. The goal of the present set of experi-
ments was to study the optical and thermal properties of
diamond at each radiation step in order to determine the
inAuence of various types of defects on the thermal con-
ductivity.

II. EXPKRIMENTAI. TECHNIQUE

We obtained a single crystal of type-IIa natural dia-
mond from Dubbledee Harris Company. Its dimensions
were 2X10X0.25 mm with the (100) plane parallel to
the slab plane. The crystal was polished on all sides by
the supplier. Type-IIa diamonds are characterized by ab-
sorption in the infrared portion of the spectrum in the
range 1400—4000 cm ' (2.5 —7.2 pm). To verify the
quality of our diamond, we obtained an infrared spec-
trum, shown in Fig. 1. The spectrum is typical of that of
type-IIa diamond, showing absorption peaks only in the
two- and three-phonon regions, with only very weak ab-
sorption in the 1100—1330-cm ' range. Due to the sym-

metry of the diamond lattice, one-phonon absorption
(( 1330 cm ') is not allowed. However, defects which
disrupt the symmetry give rise to single-phonon absorp-
tion. ' ' The diamond studied here is defect free to the
extent that little absorption is observed in this part of the
spectrum. The weak absorption in the 1100—1330-cm'
region is due to the presence of nitrogen in the lattice;
from the strength of these peaks it is estimated that the
total concentration of nitrogen is on the order of 10'
cm, typical for type-IIa diamond. Detailed examina-
tion of the one-phonon region shows that it is of compli-
cated shape, indicating that the nitrogen is present in
some mixture of the three possible configurations de-
scribed above.

Raman and photoluminescence spectra were gathered
at room temperature using an ISA double monochrome-
ter and an argon-ion laser as the excitation source
(A, =457.9, 467.5, 488.0, and 528.7 nm). The source
power was 50 mW and was focused using a cylindrical
lens; this gave a power density on the order of 10
W cm . The quality of the unirradiated diamond can
also be judged by its Raman/photoluminescence spec-
trum (Fig. 2). The Raman spectrum has a single sharp
feature at 1331.9 cm ' with a full width at half max-
imum (FWHM) of 2.22 cm ', this is the well-studied
zone-center phonon mode of diamond. No other Ra-
man features are resolved in this spectrum. In particular,
there is no evidence of any scattering near 1360 or 1580
cm ', regions commonly attributed to sp bonds in the
sp lattice. The broad feature beginning just below the
laser energy (2.52 eV) and peaking at -2.35 eV (1400-
cm ' shift) is a photoluminescence feature. Analysis of
this structure shows that it possesses peaks at 2.46 and
2.39 eV; these are phonon sidebands of the electronic
transition. This type of weak emission is observed fre-
quently in type-IIa diamond and is termed H3 lumines-
cence. The H3 center is one of the most well-studied op-
tical features in diamond, and its presence has been attri-

Energy (eV)

2.6 2.4 2.2 2.0 l.8

0.2

6$

0)
O

0.1

0
V)
Xl

I I I I I

1000 2000 3000
Wave number (cm '

)

4000

2000 4000 6000 BQQQ

Shift (cm '
)

FIG. 1. The infrared-absorption spectrum of natural unirra-
diated type-IIa single-crystal diamond.

FIG. 2. The Raman/luminescence spectrum of natural unir-
radiated type-IIa single-crystal diamond. The laser wavelength
is 488 nm.
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buted to two nitrogen atoms (the A aggregate mentioned
above) bound to a vacancy.

The thermal conductivity was measured from 5 —300 K
along the long direction using a standard steady-state
technique. The absolute uncertainty of the technique is
limited by the uncertainty to which the distance between
thermocouple sensing probes along the sample length can
be measured. We estimate this at 5%.

Neutron irradiation (E &0. 1 MeV) was performed at
the Pheonix Memorial Laboratory at the University of
Michigan for doses up to 1.2 X 10' neutrons cm and at
the Research Reactor at the University of
Missouri —Columbia for higher doses. The sample was
inserted into a quartz tube and exposed to neutron
Quences of 3X10', 1.2X10', 6.0X10', and 4.5X10'
neutrons cm . Because the sample is nearly pure carbon
it could be handled almost immediately after removal
from the reactor.
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III. RESULTS

A. Optical spectra

Figure 3 exhibits the infrared absorbance for both the
unirradiated and irradiated diamond. As discussed
above, pure diamond shows absorption only in the two-
and three-phonon portions of the spectrum because
single-phonon absorption is disallowed by symmetry.
After the first irradiation a slight absorption edge is bare-
ly visible below 1330 cm ' which increases significantly
after subsequent irradiation to higher levels. Absorption
in this part of the spectrum is due to the presence of de-
fects which disrupt the translational symmetry of the
host lattice. ' The continuum of absorption in irradiated
diamond was first observed by Smith and Hardy and was
attributed to the formation of small regions of disordered
carbon material. Several of the peaks in the one-phonon
region occur not only in irradiated diamond but also in
diamond containing large amounts of impurity nitrogen,
indicating that these absorptions are not due to a particu-
lar defect or impurity but arise due to maxima in the den-
sity of lattice modes. By comparing the magnitude of the
1197-cm' (0.148-eV) LO-phonon peak in the irradiated
material to that present in diamond containing only 2
aggregates (type-IaA diamond), one can deduce a lower
limit for the total number of carbon atoms ejected from
their lattice sites by an impinging neutron, this value is
given in Table I. If these ejected carbon atoms form into
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FIG. 3. The infrared absorption of natural unirradiated dia-
mond (curve A) and after irradiation to Auences of 3 X 10'
neutrons cm (curve B), 1.2X 10' neutrons cm (curve C),
6.0 X 10' neutrons cm (curve D), and 4. 5 X 10'
neutronscm . Note that the abcissa scale emphasizes the
single-phonon ( ( 1332 cm ') region of the spectra.

spherically shaped disordered regions, these would have a
diameter a,R and density p&R given in Table I. An addi-
tional feature in the IR spectrum of the irradiated sam-
ples is a peak at 1530 cm which Woods has shown
occurs only in irradiated material; this peak is attributed
to a localized mode of a primary radiation damage prod-
uct, presumably a vacancy or carbon interstitial.

Figure 4 exhibits the Raman/photoluminescence spec-
tra of our irradiated diamond. After the first irradiation,
we see an increase in the intensity of the H3 lumines-
cence and the appearance of a new sharp feature at 2.531
eV. This latter feature is irradiation induced and its ori-
gin is unidentified at this time; it may arise from the trap-
ping of one or more vacancies at substitutional or B-
aggregate nitrogen centers. In addition, the Raman line
decreases in intensity and broadens to a FWHM of 2.28

TABLE I. Optical parameters of neutron-irradiated diamond single crystal. F is the neutron fluence;
N&R is the estimated total number of carbon atoms ejected from their lattice sites; a&z is the estimated
spatial extent of disordered region; FWHM is the Raman line full width at half maximum.

F
(neutrons cm )

0
3.0X 10'
1.2 X 10'
6.0X10"
4.5 X 10'8

(atoms cm )

0
& 3.0X 10"
& 1.3 X 10'
& 4.0X 10'
& 2.0X 10

(A)

0
& 10.4
& 10.5

& 9.1

& 7.8

FWHM
(cm ')

2.22
2.29
2.46
2.85
7.79



134 MORELLI, PERRY, AND FARMER

(D

C:

1.4 1.6 2.0

A
I I

0 20 40 60 80

Shift (10 cm '
)

FIG. 4. The Raman/luminescence spectra of irradiated dia-
mond. The sample designation is the same as in Fig. 3. The di-
amond Raman line (R) is indicated.

cm ' but there is no evidence of scattering at higher en-
ergies associated with sp -bonded carbon. Also, a small
peak develops near 1.673 eV in absolute energy; see Fig.
5. This is a luminescence peak associated with neutral
GR 1 vacancies which are created when neutrons eject
carbon atoms from their lattice sites. After the second
and third irradiations the H 3, GR 1, and 2.531-eV
luminescence centers all grow in intensity and the dia-
mond Raman line continues to weaken and further
broaden; as of yet, no feature associated with sp -bonded
carbon is observed, however. Upon the final irradiation
to a level of 4. 5X10' neutronscm some interesting
features develop. First, while both the GR 1 and 2.531-eV
features are observable, the intensities of these peaks are
quite small and appear to have saturated. The spectrum
is dominated by the H3 luminescence features, although
the intensity of these peaks appears to be saturating as
well. Meanwhile, the Raman intensity is significantly
depressed and the linewidth broadens markedly; see Fig.
6 and Table I ~ In addition we see the appearance of a
second rather sharp Raman feature near 1620 cm ' as
can be seen in Fig. 7. This small peak is confirmed to be
a Raman feature by the invariance of its shifted value of
1620 cm ' with respect to different laser lines.

B. Thermal conductivity

Figure 8 shows the thermal conductivity as a function
of temperature for the unirradiated and irradiated speci-
mens. Above 100 K, our data for the thermal conductivi-
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FIG. 5. Luminescence in the range 1.4—2.0 eV in absolute
energy showing the GR 1 feature at 1.673 eV. The sample desig-
nation is the same as in Fig. 3.
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FIG. 6. The change in the Raman diamond linewidth at half
maximum b FWHM () and the change in the room-
ternperature thermal resistivity 58'(o ) as a function of cumula-
tive neutron fluence.

ty of natural single-crystal diamond agree with those of
Berman and Martinez and extrapolate nicely to the re-
cent high-temperature data of Vandersande, Vining, and
Zoltan. Below 100 K the thermal conductivity of our
crystal is less than Herman's; this is the classic size depen-
dence arising from scattering of the heat-carrying pho-
nons from the crystal boundaries, and since our crystal
has dimensions smaller than that of Berman the thermal
conductivity is smaller in this temperature range. Upon
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FICx. 7. The Raman spectrum of single-crystal diamond irra-
diated to a Auence of 4. 5 X 10' n cm . Note the appearance of
a "glassy carbon" feature at 1620 cm
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irradiation to a level of 3 X 10' neutrons cm, the
thermal conductivity is dramatically depressed
throughout the entire temperature range and the max-
imum is displaced upward to 2SO K; below 30 K, the
temperature dependence of ~ weakens significantly as the
curve begins to approach that of the unirradiated materi-
al. After subsequent irradiations the thermal conductivi-
ty is depressed even further, and the bending at low tem-
perature is even more pronounced. Figure 6 shows the
behavior of the additional thermal resistivity of the irra-
diated specimens above that of the pristine sample versus
dose. The strong increase in 68' for the fourth irradia-
tion mirrors the increase in the FTHM of the Raman
line for this dose. In fact, a plot of the change in the

100

FIG. 9. The change in the room-temperature thermal resis-

tivity 6 W as a function of the change in the Raman diamond
linewidth at half maximum EFWHM.

resistivity at 300 K versus the change in Raman
linewidth (Fig. 9) shows a linear behavior, with 6 W
(cm K W '

) =0.25 [b,FWHM (cm ')].

IV. DISCUSSION

A. Production of radiation-damage and optieaI spectra

From previous studies of the infrared absorption and
x-ray diAraction' '" of neutron-irradiated diamond to-
gether with the optical spectra presented here, one can
form the following picture of the irradiation process: For
low fluences, neutrons eject carbon atoms from their lat-
tice sites, thereby creating vacancies. The number of dis-
placed carbon atoms, or primary knock-ons, produced
per unit volume in the bombardment is

10

O

o
C3

E
0.01— b,E =2ME/(M+ 1) (2)

N =Fno

where F is the neutron fluence, no the number of carbon
atoms per unit volume, and 0 the cross section for col-
lisions. For diamond, no=1. 76X 10 cm and o. =4 b
for neutron energies between 0.1 and 1 MeV. ' Thus
N =0.7 F, i.e., nearly one primary knock-on is produced
for each incident neutron. The average energy
transferred to a carbon atom by a neutron of energy E
1S32

0.001
10 100 300

Temperature (K)

FIG. 8. The thermal conductivity of natural and irradiated
single-crystal diamond. The curve designation is the same as in
Fig. 3. The solid lines are fits to the data as described in the
text.

where M is the carbon atomic mass in mass units. For a
1-MeV neutron this yields DE=140 keV. Since it takes
approximately 37 eV to remove a carbon atom from the
diamond lattice for a neutron projected along the [100]
axis, clearly one incident neutron is capable of ejecting
several carbon atoms. Using such considerations, Dienes
and Kleinman have shown that the energetic recoil
atoms rupture covalent single bonds which subsequently
reform into a disordered region of double and single
bonds. They estimate that each incident neutron creates



136 MORELLI, PERRY, AND FARMER 47
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a disordered region approximately 45 A in diameter con-
sisting of some 10 carbon atoms. The formation of
disordered regions by ejected interstitial carbon atoms is
consistent with the high mobility of the carbon intersti-
tial at and even below room temperature. These disor-
dered regions of sp -bonded carbon give rise to the one-
phonon infrared absorption observed in Fig. 3. The size
of the disordered region and the number of carbon atoms
involved is somewhat larger in Dienes and Kleinman's
model than that estimated from the infrared absorption
(Table I). This diff'erence is most likely due to two fac-
tors: (a) the estimate from the intensity of infrared ab-
sorption of the total number of radiation-induced defects
gives only a lower limit since it assumes that the dipole
coupling of these defects is as strong as that due to A-
aggregate nitrogen, which is probably unlikely; and (b)
the radiation-damage model predictions depend strongly
on the actual incident neutron energy; energies smaller
than those used by Dienes and Kleinman will produce
disordered regions consisting of fewer atoms and of
smaller spatial extent. For example, for an incident neu-
tron energy of 1 MeV, simple radiation-damage mod-
els ' predict that a total of —10 carbon atoms will be
removed from their lattice sites for each incident neu-
tron. If these form into sphericaly shaped regions, the
spatial extent of these would be about 20 A.

The increase in intensity of the luminescence features
at 1.673 and 2.463 eV at low doses gives clear evidence of
the creation of vacancies in the irradiated diamond, and
also suggests that a portion of the A-aggregate nitrogen
existed as nitrogen pairs and not as H3 centers (N V-N-
complexes) prior to irradiation. Thus at least some frac-
tion of the vacancies created by irradiation migrate to the
A aggregates to produce the H3 luminescence feature, a
process recently proposed by Lawson et al. On the
other hand, at the highest dose level it appears that the
GR 1 and H3 features saturate, implying that the vacan-
cies are involved in more complicated arrangements such
as clusters or interstitial/vacancy aggregates. Prins has
shown that the most likely radiation-damage products for
ion-bombarded diamond are vacancy clusters and these
may begin to occur in our sample irradiated to 4. 5 X 10'
neutrons cm

The strong decrease in intensity and broadening of the
diamond phonon line are indicative of the growing disor-
der in the lattice. This disorder also rnanifests itself in
the appearance of the second weak Raman line at 1620
cm '. This line is characteristic of "glassy" carbons and
microcrystalline graphite of very small ((25-A) grain
size and provides strong evidence for the existence of
small regions of essentially amorphous material. Thus it
would appear that at least some of the ejected carbon
atoms have reformed themselves into highly disordered
regions of sp -bonded carbon, with the possible incor-
poration of vacancies as well.

B. Thermal conductivity

One might expect that disordered regions will scatter
phonons independently of frequency at high temperature
(when the phonon wavelength A, is small compared to the

size of the region), but that this scattering will fade away
at low temperature when the phonon wavelength is long
compared to the defect size. In addition, vacancies creat-
ed by the removal of carbon atoms from lattice sites, as
observed by the onset of luminescence at 1.673 eV, will
provide additional point defect scattering of phonons.
Klemens has considered theoretically the influence of
neutron irradiation on the thermal conductivity of insula-
tors, including the effects of both point and extended de-
fects. The basic conclusions of his study are that point
defects will degrade the thermal conductivity at high
temperatures (above the maximum), while the extended
defects depress the thermal conductivity to temperatures
well below the maximum in thermal conductivity of the
unirradiated specimen.

One can quantify the influence of defects on the
thermal conductivity by analyzing the curves using the
Debye model. Accordingly, the phonon thermal conduc-
tivity of a crystal is given by

~D co r(co)exp(A'co/k& T)dc'

2' kiev T o [exp(fico/k& T) 1j—(3)

Here U =1.32X10 ms ' is the phonon velocity, co the
phonon frequency, coD =k&8/fi (8=2050 K is the Debye
temperature '), and r the total phonon-scattering time.
In the presence of many scattering processes, one must
add the corresponding scattering rates and then take the
inverse of this sum to obtain the total scattering time.
For the situation considered here, the following scatter-
ing rates must be included.

(1). Phonon-phonon umklapp scattering (i„'). The
form suggested by Glassbrenner and Slack for silicon
and germanium, which are isostructural to diamond, is
preferred here:

r„'(cu)=BE T exp( 8/bT) . — (4)

~i, '(co) =U/1. 12d, (5)

where d =0.77 mm is the effective sample diameter
corrected for the finite sample length. Since this rate is
frequency (and thus temperature) independent, one ex-
pects that the low-temperature thermal conductivity will

display the same temperature dependence as the specific
heat, i.e., ~- T .

(3). Phonon-point defect scattering (w '). Point de-
fects scatter phonons with a Rayleigh-type frequency
dependence:

This form is different from that used by Berman and Mar-
tinez, but as pointed out recently by Graebner and
Herb and Onn et al. , it provides a better fit to the re-
cent high-temperature data than the U-process rate
used by Berman, and is somewhat better justified on
theoretical grounds.

(2). Phonon-boundary scattering (~b '). The scattering
of phonons from the boundaries of the crystal is the dom-
inant scattering mechanism at low temperature when the
phonon wavelength approaches the specimen size. For
diffuse scattering at the boundary this rate is frequency
independent:
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TABLE II. Parameters used to fit the thermal conductivity of pristine and neutron-irradiated dia-
mond. F is the neutron fluence; B is the U-process scattering-rate coeficient; b is the U-process ex-
ponent [see Eq. (4)]; P is the point defect scattering-rate coe%cient [see Eq. (6)]; a is the extended defect
diameter; pT is the extended defect concentration.

F
(neutrons cm )

0
3.0X 10'
1.2 x10"
6.0x10"
4.5 x10"

B
(s K ')

2.9 x 10
2.9 X 10
2.9 X 10
2.9X 10
2.9X 10

3.2
3.2
3.2
3.2
3.2

P
(s')

1.0x10-"
1 7X10
2.3 X 10
2.7X 10
3.4X 10

(A)

0
16
16
17
11

PT
(cm )

0
4.5 x10"
1.9x1O"
1.Ox1O"
5.6x1O"

r, '(ro)=prvvra /4 for qa ) 1

=Ceo for qa (1 . (7)

Here a is the radius of the defect (assumed spherical), pT
is the extended defect concentration (as determined from
the thermal conductivity), q is the phonon wave vector,
and C=pT~a /4U .

The procedure we use is to fit the data of the natural
unirradiated diamond with scattering rates (4), (5), and
(6), and then include additional point defect scattering as
well as extended defect scattering to fit the data of the ir-
radiated samples, leaving the rates for boundary and um-
klapp scattering unchanged from those of the unirradiat-
ed crystal. The parameters used to fit the data of the
pristine diamond are given in Table II. The value for b is
similar to that for silicon and germanium, for which
b =3.0. According to Slack and Galginaitis, the
coeKcient of the umklapp term 8 is given by

r~ '(rv) =Prv

In natural diamond, the main point defects are carbon
isotopes and nitrogen impurities. In irradiated material
the point defect rate will be increased due to the produc-
tion of vacancies.

(4). Phonon-extended defect scattering (r, '). As dis-
cussed above, extended defects scatter phonons geometri-
cally (i.e., like boundaries) for small phonon wavelengths
and Rayleigh-like (i.e., like point defects) for large pho-
non wavelengths. In particular, one has

ed by the observations in the optical spectra.
Figure 8 shows the fit to the thermal conductivity of

the irradiated diamond achieved by including the effect of
extended defects. We would like to stress that the fits to
the irradiated samples use the same boundary and um-

klapp scattering rates as for the unirradiated diamond.
The parameters used in the fits are shown in Table II.
The spatial extent a of the disordered region, which is
determined by the location of the knee in the thermal-
conductivity curve, also is close to that estimated from
the infrared absorption (Table I) and is nearly the same as
the value predicted by radiation-damage models. ' The
concentration of disordered regions as determined from
the thermal conductivity increases strongly after the final
irradiation (Fig. 10) and is similar to the behavior seen in

Fig. 6 for the increase in thermal resistivity at 300 K and
the change in the Raman linewidth. Taken together
these results suggest that the induced damage becomes
more severe than for doses up to 6 X 10' neutrons cm
and is probably related to the saturation of the "simple"

20
10

10

8=Ay /MU 0. (8) E is
U 10

This yields the value y = 1.18 for diamond, which com-
pares favorably with the value of y=0. 9 determined
from high-temperature thermal-expansion measure-
ments. For carbon-13 isotopes at the naturally occur-
ring level of 1%, one expects P=1.34X10 s . The
value found here is almost the same as that found by Ber-
man and Martinez (P = 1.17 X 10 s ), and as discussed
by those authors the extra point defect scattering is
consistent with that due to small aggregates of nitrogen.
Thus we have obtained an excellent fit to the thermal
conductivity of unirradiated diamond (see the solid line
in Fig. 8) from 7—1000 K using just three scattering rates
with very reasonable values for the adjustable parame-
ters. The task now is to fit the data of the irradiated
specimen including point and extended defects and guid-

10
10 10 10 10

Fluence (n cm ')

FIG. 10. The concentration of disordered regions pT as
determined from the thermal conductivity as a function of neu-
tron fluence.
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vacancy-related defects GR1 and H3 and an increase in
the concentration of more extended defective regions in-
volving both interstitials and vacancies. While the point
defect scattering-rate coef5cient determined from the fit
to the conductivity also appears to increase with the dose,
probably due to an increase in vacancy concentration, we
attempt no correlation between this and the irradiation
dose because the thermal-conductivity curves for the irra-
diated specimens are very insensitive to this term, most of
the additional scattering being due to the extended de-
fects.

We can conclude from the optical and thermal-
conductivity results that, at low levels of irradiation,
some of the vacancies produced are isolated GR 1 centers,
while others are trapped at A-aggregate nitrogen.
Meanwhile, the displaced carbon atoms form into disor-
dered regions (on the order of one such region being pro-
duced per incident neutron) of spatial extent on the order
of 15 A. For irradiation up to 4.5X10' neutrons cm
the GR1 and H3 features saturate, indicating that all
newly created vacancies become incorporated into more
complicated defect structures. It is proposed that the va-
cancies and ejected carbon atoms form disordered regions
of sp -bonded carbon, and the concentration of these re-
gions increases strongly once the H3 and GR1 sinks for
vacancies are saturated.

C. Comparison with diamond films

A major impetus for carrying out the present study
was to shed light on the role played by defects in the
thermal conductivity of diamond films. Morelli, Hart-
nett, and Robinson showed that the thermal conductivi-
ty of films grown by a hot-filament (HF) process is lower
than that of films grown by a microwave (M) process,
even though the two types of films had nearly the same
crystallite size; see Fig. 11. The diminution of ~ in the
HF films was due mainly to a depression in the thermal
conductivity in the range 15—60 K. Such dips in the
thermal conductivity have been observed in nearly all HF
samples studied, ' ' ' and also occasionally in M samples
as well. It is clear from the above results that small re-
gions of disordered carbon material in the diamond lat-
tice are capable of producing precisely this effect. In fact,
a comparison of the infrared spectra of the films mea-
sured in Ref. 4 shows that the HF samples exhibit single-
phonon absorption due to regions of sp -bonded carbon
which is almost identical to that observed in irradiated
single crystals. Thus it seems likely that these very small
regions of disorder are responsible to a large extent for
the observed thermal conductivity of the HF films.
While resonant scattering from vacancies could provide
an alternative explanation of the thermal conductivity of
both irradiated diamond and HF diamond films, two ob-
servations lead us to reject this hypothesis. First, the lo-
cation in temperature of the dip in the thermal conduc-
tivity differs slightly from film to film and from film to ir-
radiated single crystal. This is consistent with the size of
the disordered region being slightly different from sample
to sample. If the active mechanism were a resonant in-
teraction, one would expect the dip always to occur at the
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FIG. 11. The thermal conductivity of hot-filament (0) and
microwave-plasma-assisted (0) vapor-deposited diamond films

from Ref. 4.

same temperature corresponding to the dominant phonon
energy equal to the characteristic energy of the reso-
nance. Second, recent measurements on electron-
irradiated diamond, for which principally only neutral
vacancies and interstitials are created, showed no such
dip in the thermal conductivity in this temperature
range.

It is quite interesting to note that the existence of a
very small amount of disordered carbon in either a film
or an irradiated diamond will dramatically depress the
thermal conductivity even though its presence is not re-
vealed by a peak in the sp portion of the Raman spec-
trum. It seems, rather, that absorption in the single-
phonon portion of the infrared spectrum is a more sensi-
tive tool for detecting the presence of disordered carbon
than Raman scattering. Thus it does not appear possible,
at least for low sp carbon concentrations, to make a
correlation between thermal conductivity of a diamond
film and the ratio of the sp and sp carbon Raman peak
intensities, as has been suggested. ' Perhaps the most sen-
sitive tool of any for the detection of disordered carbon in
diamond is the thermal conductivity itself; disordered
carbon at a concentration barely high enough to be
detected by infrared absorption and invisible in the Ra-
man spectrum is capable of decreasing the thermal con-
ductivity of a single crystal by 40%%uo at room temperature
and by a factor of 50 at 30 K. This is largely a matter of
coincidence: from 30 to 300 K the thermal conductivity
of diamond is most sensitive to the presence of defects,
because phonon-phonon scattering is not yet the dom-
inant interaction.

Because diamond amorphizes at high neutron doses, it
would be of interest to study the nature of heat transport
in this regime as well. Such experiments are currently
underway.
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