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The phonon-dispersion curves derived from neutron-scattering experiments performed on diamond [J.
Warren et al., Phys. Rev. 158, 805 (1967)] are not accurate enough to yield the exact frequencies of
critical-point (CP) phonons and, thus, to provide a satisfactory interpretation of second-order optical
spectra. A self-consistent analysis of such spectra [S. Solin and A. Ramdas, Phys. Rev. B 1, 1687 (1970)]
was not fully successful because of ambiguities that arise in assigning second-order infrared absorptions
and features in the Raman spectra to specific two-phonon summations. A more effective method for ob-
taining accurate CP phonon frequencies involves investigating defect-activated one-phonon absorptions;
in this paper, we take advantage of the availability of chemically vapor-deposited (CVD) diamond for the
purpose of locating and assigning infrared (ir) absorption features in the one-phonon region to CP pho-
nons at the Brillouin-zone boundary. Fourier-transform ir absorbance spectra of CVD diamond exhibit
a complex structure at wave numbers below the 1332.5-cm ™! lattice-mode cutoff, which is induced by
impurity-associated defect centers and yields the exact positions of 16 zone-edge CP phonons. In con-
junction with the triply degenerate zone-center mode, this set of phonons then provides the basis for pre-
dicting the positions of second-order optical features through simple summations. When the selection
rules are taken into account, the procedure yields excellent results, not only in terms of CVD-diamond ir
spectra, but also in regard to earlier measurements of the intrinsic two-phonon absorption coefficient of
type-Ila natural diamond [J. Hardy and S. Smith, Philos. Mag. 6, 1163 (1961)] and the second-order
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polarization-dependent Raman spectra recorded by Solin and Ramdas.

I. INTRODUCTION

Recent, major advances in the art of growing diamond
by low-pressure chemical vapor-deposition (CVD) tech-
niques’ has stimulated enormous interest, since the prop-
erties of these deposits appear to match those of natural
diamond crystals. At this time, much of the interest con-
cerns potential applications involving infrared (ir)
transmitting windows for adverse environments,?> which
requires a thorough characterization of this material’s
optical properties. Infrared absorption in diamond
occurs as a result of processes that generate optical and
acoustical phonons, thus reflecting lattice vibrational
characteristics.® These characteristics are best described
in the light of phonon-dispersion relations. For diamond,
a complete set of dispersion curves has been available for
some time, based on coherent inelastic neutron-scattering
experiments performed by Warren et al.;* these disper-
sions represent intrinsic characteristics of the diamond
lattice and are little affected by the presence of even large
impurity concentrations. They are, however, not accu-
rate enough to yield the exact frequencies of critical-point
(CP) phonons and, thus, to provide a satisfactory inter-
pretation of the second-order ir absorption features of di-
amond as recorded by Hardy and Smith® in 1961. Much
progress was made, ten years later, when Solin and Ram-
das® carried out a detailed investigation of the first- and
second-order Raman scattering in diamond, taking polar-
ization effects into account. The complex structure ex-
hibited by second-order Raman spectra in various
geometries was interpreted in terms of summations of CP
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phonons that obey relevant symmetry criteria, and was
shown to be consistent with available infrared-
absorption® and neutron-scattering* data. There remain,
however, some prominent infrared and Raman features
that do not fit the Solin-Ramdas scheme, thus creating an
issue, especially in the context of a theoretical paradigm
that enforces all applicable selection rules.

Much of the problem’ arises because it is not a
straightforward task to assign second-order features to
specific two-phonon summations, considering the multi-
plicity of phonon branches, and the fact that neutron-
scattering data do not match the accuracy of optical
spectroscopy. In this regard, it is important to bear in
mind that, although the direct absorption of incident
photons by single phonons cannot take place in an ideal
diamond-type crystal,?® it may occur in the presence of de-
fects that disrupt the periodicity of the lattice. Defect-
induced one-phonon absorption thus provides a direct
method for observing lattice vibrational effects and has
proven quite effective for investigating intrinsic phonon-
frequency spectra as well as the nature of inserted impur-
ities or imperfections.3 In fact, as early as 1960, band-
mode single-phonon absorption has been observed in
neutron-irradiated type-Ila diamond,® which led to an at-
tempt to identify “‘characteristic”” phonons in this materi-
al. Since the CVD diamonds of current interest are poly-
crystalline and defect rich,' it should not be surprising
that we may take advantage of this situation for the pur-
pose of locating and assigning spectral features in the
one-phonon region to CP phonons in the Brillouin zone
(BZ). Furthermore, the advent of convenient instrumen-
tation to perform Fourier-transform infrared spectrosco-
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py (FTIR) provides us with vastly improved spectra in
terms of resolution and reproducibility, which should al-
low us to interpret the features on much sounder basis; in
this connection, we may emphasize that the one-phonon
absorption region of diamond encompasses the 8—12-um
spectral range, thus covering a wavelength “window” of
major importance in contemporary ir technology.

The purpose of the present paper is as follows. First,
we shall report on single-phonon absorptions in a more
elaborate manner than earlier'® and present a corrected
table of CP phonon frequencies in diamond, which takes
into account additional measurements and reflects con-
siderations relating to the slope of the dispersion at the
zone edge. This set of CP phonons then provides the
basis for ‘“‘predicting” the positions of second-order
features through simple summations (overtones and com-
binations) that obey the relevant selection rules; the pro-
cedure yields excellent results not only for two-phonon ir
absorptions but also in the context of interpreting
second-order Raman shifts. For the convenience of the
reader, we will begin by briefly reviewing relevant aspects
of the lattice dynamics of diamond and discussing the
fundamentals of defect-activated one-phonon absorption
mechanisms (Sec. II). In Sec. III, we describe our dia-
mond specimens and comment on the experimental pro-
cedure that allows us to enhance the spectral features and
to generate detailed absorption traces for obtaining
meaningful indications about lattice-mode phonons as
well as residual impurities. The data are presented in
Secs. IV and V; there was no attempt made to assess the
temperature dependence because it is not likely that in-
formation of this nature can shed more light on phonon
assignments. Specifically, Sec. IV deals with defect-
activated one-phonon absorption as in Ref. 10 but focuses
on CP phonons, since it is now our objective to obtain a
complete listing of CP phonon frequencies suitable for
“fitting” the two-phonon spectra. As will be demonstrat-
ed in Sec. V, this has been achieved not only in terms of
our own measurements but also with regard to earlier
measurements of the intrinsic ir absorption coefficient of
natural diamond® and the second-order Raman charac-
teristics described by Solin and Ramdas.® The con-
clusions are stated in Sec. VI.

II. THEORETICAL CONSIDERATIONS

In the infrared, the optical properties of a perfect dia-
mond crystal reflect the density of vibrational modes,!!
which in turn derives from phonon-dispersion curves as
illustrated in Fig. 1. These dispersions refer to the main
symmetry directions in the Brillouin zone, i.e.,

A [q=27(£,0,0)/a] , (1a)
2 [q=2n({,8,0)/a], (1b)
A [q=27({,6,8)/a], (1c)

where q represents the phonon wave vector, § designates
a BZ coordinate, and a is the lattice constant. They are
displayed here'? as generated by a Born-von Karman
model fit'* to the neutron-scattering data of Warren
et al.* Regarding these measurements, it is important to
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FIG. 1. Phonon-dispersion curves of diamond, along the
main symmetry directions.

keep in mind that neutron spectroscopy does not yield
precise numbers for the phonon frequencies; the disper-
sions plotted in Fig. 1 may have errors of at least 3%,
which says that much remains to be done to accurately
describe the lattice dynamics of diamond. In principle,
the two atoms per primitive cell give rise to six vibration-
al frequencies for each propagation vector, which leads to
three acoustical and three optical branches in the
phonon-dispersion picture; as evidenced in Fig. 1, degen-
eracies do occur, at the center of the zone (point I') in
particular, which supports a triply degenerate optical
mode of I'?*") symmetry that is Raman active in the first
order. Since the distribution of vibrational modes is
dominated by short-wavelength phonons near the zone
boundary,® there will be singularities (see, for instance,
the density of modes obtained by Tubino, Piseri, and Zer-
bi'* and reproduced in Fig. 4) that originate at critical
points in the Brillouin zone. On the basis of topological
considerations alone, diamondlike crystals have four
zone-edge CP’s,

ay=(27/a)(1,0,0) , q,=(2w/a)1/2,1/2,1/2), (2a)
qx =(27/a)(3/4,3/4,0) , qu=(27/a)(1,1/2,0), (2b)

but additional (“‘accidental”) critical points may emerge
depending upon the actual force field, or in other words,
the shape of the dispersions within the Brillouin zone.

In perfect diamond, there is only one optically active
mode: The zone-center triply degenerate mode that is
Raman active but is forbidden. It gives rise to a Raman
shift of 133240.5 cm ™ !,° which fits the dispersion curves
derived from neutron-scattering experiments (see Fig. 1),
and represents the highest-frequency vibrational mode
propagating through the lattice. Since this vibration does
not induce any change in the dipole moment, ideal dia-
mond lattices are therefore transparent in the first order.
In the presence of “defects,” however, some absorption
can occur because impurities, imperfections, or disorder
destroy the translational symmetry, which causes a
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breakdown of the momentum-conservation law and al-
lows lattice modes to couple with electromagnetic radia-
tion; optical spectroscopy of defect-rich diamond may
thus provide information on phonons that possess finite
wave vectors. In this context, it is essential to distinguish
the case of (a) localized-mode phonons associated with
low-atomic-number, relatively strongly bound defects
whose resonance frequency exceeds that of the Raman
phonon thus prohibiting propagation, and (b) lattice-
mode phonons activated by ‘“heavy” and/or weakly
bound impurities that include resonance-excited modes as
well as intrinsic vibrational modes. In this lattice or
band-mode regime, the absorption coefficient can be ex-
pre.sed’’ in the following manner:

7De?
3nce,

Blw)= X (0)]%S(0) , 3)

if D refers to the defect concentration, X (w) represents
the frequency-dependent defect-induced dipole moment,
and S (o) describes the density of states of the host lat-
tice. The absorption thus maps the vibrational mode
density, provided that the coupling coefficient X (w) is a
weak function of frequency in the spectral range of in-
terest;'® and, since singularities in the density of modes
originate from phonons located at critical points in the
Brillouin zone, it follows that the features exhibited by
defect-activated first-order absorption spectra may throw
light on CP phonons in a very direct manner.

Higher-order processes occur when two or more pho-
nons simultaneously interact with incident phonons to
produce infrared absorption or Raman scattering. With
diamondlike crystals, a dipole cannot be created by
mechanical anharmonicity, but the simultaneous ‘“emis-
sion” of two phonons of opposite momentum may result
in a second-order electrical dipole moment with which
electromagnetic radiation can couple. If relevant selec-
tion rules are satisfied, absorption takes place when the
frequency of the exciting radiation equals the sum of the
frequencies of the two active phonons, which implies it
must be proportional to the combined density of modes.
Hence, if the coupling matrix element is a weak function
of frequency, the combined density of modes controls the
shape of the absorption spectrum; and, since the singular-
ities of the combined density give rise to features in the
two-phonon region, it is clear that Brillouin-zone
critical-points again play a pivotal role."” Similar con-
siderations apply to the second-order Raman spectrum in
the sense that structure reflects the joint density of states
if the scattering cross section is a smooth function of the
frequency shift. In principle, critical points manifest
themselves only if the process is consistent with the selec-
tion rules for dipole or Raman activity; these rules derive
from group-theoretical arguments'® and concern phonon
combinations as well as overtones.

III. EXPERIMENTAL CONSIDERATIONS

The CVD-diamond specimens that we report on in this
paper were grown on polished molybdenum and polished
silicon substrates by means of either microwave-plasma
or hot-filament assisted reduced-pressure depositions
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from dilute-methane—hydrogen mixtures at temperatures
of about 900°C. These deposits are 200—-400 pm thick;
they are clear and colorless in the visible but show facet-
ed growth surfaces indicative of polycrystalline aggre-
gates with grain sizes of the order of 10 um. The hydro-
gen content, as determined by secondary ion mass spec-
troscopy, is believed to be below the 0.01 at. % level,
which points to outstanding crystalline quality. First-
order Raman spectra as in Fig. 2 display a sharp intense
line at 1332.5 cm ™!, in accord with measurements that
were carried out on single crystals,’ and show no evi-
dence of Raman shifts in the 1350-cm ™! wave-number
range and, thus, no evidence of spz-bonded carbon.'” The
full width at half maximum (FWHM), which is known to
provide a good measure of the crystalline quality, varies
with the deposition conditions and the local morphology
but tends to be in the 3—4-cm ™! range; such widths are
not quite comparable to those of gem-quality diamonds
(FWHM =2 cm™! at room temperature), thus reflecting
the presence of some lattice disorder. In this context, we
may consider the mechanism that determines the width
of the first-order Raman line:*® Since the degenerate
zone-center optical phonon decays into two acoustic
modes of equal and opposite wave vector, the broadening
arises from the reduced optical-phonon lifetime caused by
scattering from lattice defects and/or inhomogeneous
stresses. The recently investigated effects of isotopic dis-
order on both frequency and width of the Raman line?!
may also be of relevance in this context.

In Fig. 3, we display the ir-transmittance trace of a
partly polished microwave-plasma CVD-diamond speci-
men and compare it to the transmittance of a type-Ila di-
amond with good surfaces. The two traces refer to the
specular transmittance at near-normal incidence and are
as recorded on an FTIR Bomem Inc. spectrometer (mod-
el MB-120) operating at a resolution of 4 cm™!, the in-
strument control computer collecting and co-adding one
hundred scans per run. Three comments are in order.

! CVD diamond (111) face
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FIG. 2. First-order Raman spectrum of a chemically vapor-
deposited diamond specimen obtained by means of the
microwave-plasma assisted process. The spectrum was acquired
on a J-Y Optical Systems instrument (model U-1000) using the
514.5-nm argon-ion laser line and taking data points every 0.25
cm ! in the critical 1315-1345 cm ™! frequency range.
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FIG. 3. Compares the measured infrared transmittance of a
partially polished chemically vapor-deposited diamond with
that of a type-Ila natural specimen. The two diamonds are of
similar thickness. The highest-frequency band-mode phonon is
at 1332.5 cm ™! (Raman phonon).

(i) The loss in transmittance experienced by the CVD
specimen must be attributed to nonspecular reflections
caused by surface roughness. These losses, which are
proportional to (on /A )%, tend to increase at higher wave
numbers, as the wavelength of the incident light becomes
comparable to the facets’ dimensions, i.e., the roughness
scale 0. In the 20-um wavelength range (v~500 cm™!),
the “scatter” appears to be minimal (see Fig. 3), in the
sense that the transmittance almost matches that of natu-
ral diamond (T ~70% ), which in turn almost agrees with
the predicted absorption-free transmittance,

_1—R _ 2n

® 1+R  1+4n?’

4)

on setting the refractive index n equal to 2.38, as inferred
from a Herzberger-type dispersion formula,?? at 20 um.

(ii) Since the Raman phonon of diamond (v=1332.5
cm™!) represents the band-mode phonon that has the
highest energy (see Fig. 1), it follows that the 500—4500-
cm ™! wave-number range covered in Fig. 3 encompasses
the one-, two-, and three-phonon absorption regimes,
thus providing an overview of lattice dynamical effects in
this material. Evidently, the dominant absorption occurs
in the two-phonon region, which exhibits an abrupt cutoff
at exactly 20(I")=2665 cm ™! and is not affected by lat-
tice defects, in accord with previous observations for
CVD diamond.?® For both, chemically vapor-deposited
and natural single crystals, there are some weak, more
diffuse bands in the three-phonon region, but beyond
4000 wave numbers (A <2.5 pum), there is no detectable
absorption.

(iii) The absorption-band doublet at 2854-2923 cm ™!,
which is not seen in natural diamond, has attracted much
attention because its strength appears to be linked to the
methane pressure in the deposition chamber;?? this dou-
blet has been attributed to CH, “stretch” modes and is
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believed to reflect the residual hydrogen content. Furth-
ermore, there is evidence to suggest that localized modes
(v>1333 cm ™ !) as observed in CVD diamond (see Fig. 3)
always emerge in conjunction with the CH, doublet,
which points to hydrogen as the responsible impurity.
The lattice-mode phonons(v <1333 cm™!), however,
must involve additional substitutional impurities or de-
fect aggregates that we have identified as nitrogen relat-
ed, in a previous paper.!® In that context, we made use of
a procedure?* that amounts to evaluating apparent absor-
bances defined as

A*=In(T¢ /T), (5)

where T is the measured transmittance and T'§ refers to
an ad hoc “baseline fit.” This fit (in effect, a polynomial
approximation) serves the purpose of eliminating weakly
frequency-dependent transmittance losses originating
from surface effects and, thus, to enhance bulk-
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FIG. 4. Spectral transmittance (a) and apparent absorbance
(b) of a chemically vapor-deposited diamond specimen grown at
The Pennsylvania State University. The baseline was obtained
by means of a parabolic fit that assumes zero absorption at the
onset of the two-phonon summations (v=1400 cm™') and for
phonon modes in the low-frequency acoustic range (v <500
cm™!). On using the baseline fit as a reference transmittance,
the absorbance is seen to map the density of modes of perfect di-
amond obtained in Ref. 14.
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absorption-related strongly frequency-dependent spectral
features. Figure 4 demonstrates how the procedure
works with a lower-quality CVD-diamond specimen.
This specimen exhibits poor transmittance in the 10-um
region, owing to its surface roughness, but the “subtrac-
tion of the background” by means of Eq. (5) yields an ap-
parent absorbance with well-resolved features that are
easily amenable to interpretation [see Fig. 4(b)].2° In this
connection, we emphasize that an apparent absorbance as
defined in Eq. (5) should not be utilized to extract absorp-
tion coefficients. Or more precisely, one should not write

In(T§ /T)
= (6)
t
where ¢ is the thickness, unless the two following condi-
tions are met: (a) The baseline fit images the true
transmittance in the absence of absorption losses, and (b)
the measured absorbance is much smaller than unity.

IV. ONE-PHONON FEATURES

The absorbance traces reproduced in Figs. 5 and 6
demonstrate that the above outlined subtraction pro-
cedure yields a surprisingly rich structure at wave num-
bers below 1400 cm !, which can be interpreted in the
light of available information on intrinsic vibrational
modes of diamond* and on ir resonance bands associated
with substitutional impurities and/or defect centers.?®
The CP assignments were first made on the basis of com-
paring the positions of intense and clearly reproducible
features with the zone-edge phonon frequencies obtained
through inelastic neutron scattering; because of the large
uncertainties affecting the measurements,?’ some of these
assignments are rather ambiguous, but more reliable
identifications can be made by ensuring that the stronger
peaks reflect zero-gradient phonon dispersions at the
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FIG. 5. Apparent absorbance of a state-of-the-art chemically
vapor-deposited diamond, in the one-optical-phonon spectral
region. Critical-point phonon absorption lines are identified by
downward pointing arrows. Impurity-related resonance absorp-
tions are as specified in Ref. 10.
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Hot-Filament CVD Diamond
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FIG. 6. Apparent absorbance of an “older” chemically
vapor-deposited diamond, in the one-acoustic-phonon spectral
region. Critical-point phonon absorption lines are identified by
downward pointing arrows. The silicon carbide lines originate
from axial-acoustic, planar-optical, and axial-optical modes as
described in Ref. 29.

zone edge. We believe that, in this manner, we have been
able to not only detect the 16 topological CP’s at symme-
try points X, L, K, and W, but also to make assignments
that should be correct.

Figure 5 refers to a CVD-diamond specimen of superi-
or quality, based on hydrogen content, and depicts the
spectral absorption features in the 1000-1400-cm !
wave-number range. Perhaps most striking is the prom-
inent line at 1333 cm ™!, which obviously derives from
the zone-center Raman phonon and, thus, points to di-

70.2

L § 3 Type-Ila Diamond
5 g (t = 250um)
7011 S . S
L 2 %
T o
70.01 { 2
S
o 3
w 69.9 2
O s
2 o
Pl <
E 69.8- e
s T o
%) 5 o
Z 69.7+ 2 g a
= -9 :
= rER
69.6F
69.51
69.4 L L L L L o ! |
1000 1100 1200 1300 1400

WAVE NUMBER (cm™")

FIG. 7. Measured transmittance of a type-Ila natural dia-
mond, in the one-phonon regime. Critical-point phonon ab-
sorption lines are identified by upward pointing arrows.
Impurity-related resonance absorptions are as specified in Ref.
10.
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pole activity induced by residual defects; in addition, the
nine optical zone-edge CP’s are clearly in evidence, with
the exception of the 2,0 phonon at point K that can be
seen in Fig. 7. With regard to crystal imperfections, Fig.
5 exhibits an interesting pattern in the sense that all the
classic?® nitrogen-related “species” have been detected
(see Ref. 10 for a discussion), which correlates well with
cathodoluminescence-based observations?® and made it
possible to identify virtually all the features displayed in
Fig. 5.

At wave numbers of less than 1000 cm ™!, the situation
proved less favorable, which made it difficult to obtain
precise numbers for the frequencies of relevant CP pho-
nons. There are two reasons for this: (a) The response of
our FTIR instrument degrades owing to enhanced noise
at longer wavelengths, and (b) the signals now originate
from acoustic phonons of relatively low density of states
(see Fig. 4). Our best spectrum is the one reproduced in
Fig. 6, which refers to hot-filament-grown material de-
posited on silicon and, unfortunately, exhibits features?
that originate from a nondiamond phase (SiC polytypes)
that masks, to some extent, the transverse-acoustic dia-
mond modes of interest.

The critical-point phonon frequencies derived from an
examination of the apparent absorbance of CVD dia-
mond in the single-phonon regime are listed in Table I
(fifth column) with estimated uncertainties that reflect re-
peated observations on a variety of specimens, including
near-single-crystal deposits.*® These frequencies are
much more accurate than those deduced by means of
neutron spectroscopy (third column) but always fall
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within the error brackets of the Los Alamos assign-
ments.* Also listed are the Solin-Ramdas assignments,®
which derive from an analysis of the two-phonon Raman
scatter in diamond, taking earlier’ two-phonon ir absorp-
tion data into account; a comparison of the fourth and
fifth columns reveals some serious discrepancies that re-
quire further attention (see Sec. V). But first, it should be
of interest to evaluate Brout’s sum, 3;0?(q), at all the BZ
points for which we now have what appears to be accu-
rate phonon energies: The sum involves the six branches
of the phonon dispersion, including the degeneracies, and
yields numbers as recorded in Table I (sixth column), at
the key symmetry points. Evidently, the sum is not the
same at the center and the edge of the zone, thus
confirming that the sum rule does not apply to dia-
mond;3! in fact, we have

6 6
S oi(q)> 3 0X0) (7)

i=1 i=1

at the BZ edge, which is indicative of nonelectrostatic in-
teratomic forces in this material. Still, we find that
Brout’s equation as modified by Mitra and Marshall,*?

6 _
S 0X(q)=16V3ry/(xu) , (8)

i=1

yields 1.91X10% Hz? upon inserting proper numbers>’
for the internuclear distance r,, the bulk compressibility
X, and the reduced mass p; this result agrees quite well
with the measured sum at point T,

TABLE 1. Critical-point phonon frequencies (in cm™!) of diamond.

Symmetry Phonon “Neutron” “Optical” This Brout sum
point branch® Ref. 4 Ref. 6 work (10 HZ?)
r A(0),As(0) 1332.54+0.5 1332.5+1 1.89
X A3(0),A(A) 1184+21 1185+5 1191+£3 2.31

A(O) 1072426 1069+5 1072+2
As(A) 807132 807+5 829+2
L A(O) 1242+37 1252+5 1256+4 2.21
A5(0) 1210£37 1206£5 1220+2
A(A) 1035132 1006£5 1033+2
A(A) 552+16 563+5 553+2
K 2,(0) 1232+27° 12305 1239+2 2.26
2,(0) 1110+21° 1109+5 11111
25(0) 1046+21 1045+5 1042+2
Z(A) 1009+16° 988+5 992+3
253(A) 972+16 980+5 978+1
3J(A) 765+21° . 764+4
w Z(U) 117945 11461 2.27
Z(M) 993+53 999+5 1019+3
Z(L) 919+11 908+5 918+12°¢

2The notations are as in Ref. 4.
®Interpolated using Newton’s method.
“Very weak feature and not always discernible.
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6
S 0i(0)=1.89X10* HZ?, (9)

i=1

and, therefore, has important theoretical implications.

For the sake of completeness, we are also including
here (see Fig. 7) the 1000—1400-cm ! wave-number seg-
ment of the FTIR-measured transmittance of a pur-
chased single-crystal type-Ila diamond. The previously
identified single-phonon features are clearly apparent,®*
thus suggesting that the Lax-Burstein prescription® does
not apply, even in high-purity natural diamond; similar
observations were recently made by Thomas and
Joseph,®® who detected four lattice-mode absorption lines
in type-Ila diamond. Evidently (see Fig. 7), these are
nitrogen-induced one-phonon bands, which brings back
to mind an old contention of Davies?® that “the type-Ila
classification is thus doomed to obsolescence as soon as a
higher sensitivity (method) of detecting 4 and B nitrogen
aggregates becomes available.”

V. TWO-PHONON FEATURES

To be considered successful, the task of obtaining CP
phonon frequencies from defect-activated single-mode ab-
sorptions must yield a set of phonons that can explain
most if not all the features exhibited by second-order op-
tical spectra. Furthermore, this must be done (see Sec.
II) on the basis of simple summations,* i.e.,

fo=Hw,to,) , (10)

if w is the frequency of the observed feature, and w,, w,
are the two CP phonons involved, keeping in mind that
Eq. (10) refers to combinations (w;#w,) as well as over-
tones (w,=w,), depending upon applicable selection
rules.'® In this section, we will assess in some detail how
well the CP phonon listed in Table I “fit” the two-phonon
absorption spectra but confine our analysis of the two-
phonon Raman process to a single configuration because
an exhaustive, unambiguous investigation far exceeds the
scope of the present paper.

Figure 8 displays the entire two-phonon ir absorption
spectrum of diamond, as obtained for “good” CVD ma-
terial, and demonstrates that, indeed, most of the
significant features can be interpreted in terms of the 17
phonons listed in the fifth column of Table I. (a) The
lowest-frequency ir-active combination (Z;A+3,A)
emerges at 1742 cm ! and sets the stage for stronger ab-
sorptions such as the LO(L)+TA(L) summation, which
involve optic branches. The very weak, quasicontinuous
features in the 1400-1600-cm ! range must be ascribed
to localized modes, mainly associated with hydrogen in
various bonding configurations. (b) The three charac-
teristic, rather intense bands in the 1900-2200-wave-
number range provide a sensitive means of verifying the
accuracy of our assignments and will be examined later
on. (c) The broad minimum at approximately 2330 cm !
does not correlate well with predictions, since the closest
forbidden summations yield

2L(W)<2330cm ™ '<2,0+3,0 . (11)
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FIG. 8. Absorbance spectrum of a state-of-the-art chemically
vapor-deposited diamond, in the two-phonon regime. Critical-
point phonon assignments are in accord with column 5 of Table
I. Dashed arrows refer to intrinsically dipole-inactive summa-
tions.

Beyond that point, there are no dipole-active summa-
tions, which leads us to conclude that the diffuse absorp-
tion exhibited by diamond crystals at the tail end of the
two-phonon region reflects a relaxation of the selection
rules, in particular with regard to phonons belonging to
the same branch.

In principle, there are 19 CP phonon summations that
fall between 1937 cm ™! (TO+TA at point W) and 2253
cm ™! (TO+LA at point L). If tentatively assigned as in
Fig. 9, which shows a high-resolution (2-cm ~!) noise-free
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FIG. 9. High-resolution absorbance spectrum of diamond, in
the peak two-phonon absorption region (see the caption for Fig.
8).
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absorbance trace of diamond in that spectral range, the
correlation is seen to be almost perfect. (a) Even the
dipole-inactive summations, such as overtones, are in evi-
dence and appear to cause absorption dips. (b) The two
sharp peaks at 1970 cm™' (£,A+2;A) and 2153 cm™!
(2,04 2;0) both involve phonon branches that have ac-
cidental critical points near the BZ boundary (see Fig. 1),
thus giving rise to unusually flat joint dispersion curves
and, hence, strong singularities in the combined density
of modes. (c) There is one single feature that cannot be
explained in terms of our zone-edge CP’s: The poorly
resolved doublet at approximately 2172-2178 cm ™! may
relate to an L(W)+TO(W) combination but the next
nearest summation, 2,0+ 2;A, is at 2217 cm ™!, which is
much too far.

At this point, we may also wish to assess the validity of
our assignments in the light of earlier, independent inves-
tigations of the two-phonon absorption process in type-
IIa diamond; this is best done as summarized in Table II,
which lists the positions, in millielectronvolts, of the 17
spectral features observed by Hardy and Smith® and by
Wehner et al.!' (a) Our assignments (column 4) yield 15
calculated positions (column 5) that fit the data with an
error of less than 0.3% if the CP phonon energies are as
listed in Table I. One half of these assignments are tech-
nically ir inactive, which emphasizes again (see Fig. 7) the
impact of residual impurities, even in Ila-classified ma-
terial. (b) The assignments proposed by Solin and Ram-
das® (third column) fail to include six of the 17 features
reported in Refs. 5 and 11; still, many of their assign-
ments are in accord with the results of our work. (c)
Feature no. 10, which is ascribed to an L+TO summa-
tion at point W, in both the third and fourth columns, ac-
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tually refers to the 2172- and 2178-cm ™! doublet dis-
cussed earlier and does not fit any of the CP phonon
models. The same comment applies to feature no. 13,
that is, the sharp turnaround at 2332 cm ™! already con-
sidered in conjunction with Fig. 8.

Finally, we may “examine the phonons” in the context
of the Raman-Stokes experiments that were carried out
by Solin and Ramdas.® These experiments shed addition-
al light on the second-order process because overtones
are known to be Raman active in most representations,
whereas combinations are strongly polarization depen-
dent.!®* The Raman spectrum we found of most value, in
the sense of best complementing ir-absorption data, is the
one shown in Fig. 10, which refers to a Z'(X'Z")Y’
geometry; this means that incident light propagates in the
[001] crystallographic direction and is polarized along
[110], but the measured scattered light is along the [110]
axis and has a [001] polarization vector. The spectrum
consists of a continuous background upon which are su-
perimposed a sequence of slope discontinuities and a
broad peak shifted by about 2460-cm ! wave numbers.
The features are essentially temperature independent and,
if clearly recognizable, are labeled (see Fig. 10) in accord
with the Solin-Ramdas nomenclature. Nine of the 11
discontinuities can be immediately identified as Raman-
allowed summations of CP phonons, in the I'?**) repre-
sentation, and five of these assignments (they are under-
lined in Fig. 10) fit the Solin-Ramdas scheme. The Ra-
man peak at 2460 cm ! (features no. 7 and 8) cannot be
attributed to a single CP phonon summation and does
not ‘“‘show” in transmission (see Fig. 3) , which points to
dipole-inactive transitions. Pending further investiga-
tions, we suggest that the peak emerges as a result of the

TABLE II. Critical-point analysis of diamond two-phonon absorptions.

Measured Calculated
Spectral position® Assignment Assignment position Brief
feature® (meV) (Ref. 6) (this work) (meV) comment®

1 s 225 LO(L)+TA(L) LO(L)+TA(L) 224+1

2 k 232 TO(X)+TA(X) 3,0+32,A 232+1

3 )4 244 3 A+3:A 3 A+3:A 244+1

4 m 247 L(X)+TA(X) 23 A 246+1 D inactive

5 p 251 3,0+3;A 3;,0+2;A 250+1

6 k 253 3,0+3 A 2TO(W) 253+1 D inactive

7 m 258 3,0+3;A 23,0 258+1 D inactive

8 m 262 2,0+Z A 261+1 D inactive

9 D 267 3,0+Z2,0 3,0+Z2,;0 267+1

10 s 270 L(W)+TO(W) L(W)+TO(W) 268+1 no fit

11 k 274 20+2;A 20+2;A 275+1

12 s 281 LO(L)+LA(L) L(X)+TO(X) 281=+1

13 m 289 no CP assignment
14 k 292 2,0+2,0 291+1 D inactive
15 s 302 2TO(L) 303+1 D inactive
16 s 315 2LO(L) 3111 D inactive
17 m 330 20(T") 330+1 ir inactive

?k=kink; m =minimum; p=peak, s=shoulder.
bAs listed in Refs. 5 and 11.

“Refers to our assignments (CP=critical point; D=dipole; ir =infrared).
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Second-Order Raman Spectrum: Type-Ilb Diamond

Z' (X’ Z') Y’ Geometry: Solin and Ramdas i
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FIG. 10. Second-order optical-phonon Raman-Stokes spec-
trum of diamond as recorded in Fig. 5 of Ref. 6. Our assign-
ments are based on critical-point phonon frequencies listed in
Table I, fifth column. Underscored assignments are in accord
with assignments made in Ref. 6.

activation of the overtone at 2440 cm ! (2TO at point L)
and the nearby overtone at 2478 cm ! (22,0), which
combine to produce an apparent joint-density-of-modes
singularity at

[2TO(L)+2%,0]/2=2459+4 cm ™', (12)

the LO(L)+TO(L) combination then appearing as a
shoulder on the high-frequency side of the spectrum.
Feature no. 3 at 2333 cm™ ! is also of significance because
it obviously corresponds to the ir absorption at 289 meV
(2332 ecm ™ }), for which we have no CP related interpreta-
tion (see Table II). Interestingly, Solin and Ramdas® no-
ticed that “this feature was unique in that its shape is
dependent on the type of diamond examined,” which
would indeed confirm that it is not of an intrinsic nature.

V1. CONCLUSION

The phonon-dispersion curves obtained by means of in-
elastic neutron-scattering experiments are not sufﬁmently
accurate to test the available lattice-dynamical models'®
or to yield exact CP phonon frequencies for interpreting
the second-order optical spectra of diamond. A
comprehensive analy31s of such spectra was attempted by
Solin and Ramdas® but failed to be entirely successful’
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because it is not a straightforward task to assign second-
order infrared absorption or Raman-scatter features to
specific. two-phonon summations. considering the multi-
plicity of nondegenerate phonon branches. Much
remains to be done to properly describe the lattice dy-
namics of diamond crystals.

Perfect diamond-type lattices are transparent in the
first order; in the presence of defects, however, absorp-
tion can occur because impurities, imperfections, or dis-
order disrupt the translational symmetry of the lattice.’
Defect-activated one-phonon absorptions thus can pro-
vide direct information on lattice vibrational modes and
can be quite effective for obtaining the CP phonon fre-
quencies and identifying the nature of residual impurities
and/or defect centers. Since the CVD diamonds of
current interest are polycrystalline and defect rich, we
have taken advantage of this situation for locating the CP
phonons with much improved accuracy, using the
neutron-spectroscopy data for guidance.

The background-subtraction technique discussed in
Sec. III yields a surprisingly rich absorption structure at
wave numbers below the 1332.5-cm ™! band-mode cutoff
(see Figs. 5 and 6). Dipole activity is seen to be generated
by nitrogen-associated defect centers, which allows us to
detect the 16 zone-edge CP phonons of diamond, in addi-
tion to the zone-center Raman mode. Their frequencies
are listed in Table I; the sum rule does not hold, but we
find that Brout’s sum at point I' is in good agreement
with the Mitra-Marshall formula.*

This set of CP phonons then provides the basis for pre-
dicting the positions of second-order features through
simple summations. The procedure yields excellent re-
sults for two-phonon ir absorptions (see Figs. 8 and 9) but
for the kink at 2332 cm ™ !; beyond that point, there are
no dipole-active summations, which leads to the con-
clusion that the diffuse absorption of diamond at the
high-frequency end of the two-phonon region reflects a
relaxation of the selection rules. Regarding earlier inves-
tigations of the two-phonon absorption process,™!! our
assignments (see Table II) predict the positions of 15 out
of the 17 observed features with an error of less than
0.3%.

Similar conclusions apply to the second-order Raman
spectrum® in the sense that nine of the 11 discontinuities
recorded in the Z'(X'Z")Y’ polarization geometry can be
immediately identified as T'** " -allowed summations; five
of these assignments fit the Solin-Ramdas scheme. The
broad peak at 2460 cm ™! cannot be attributed to a single
CP summation but may emerge as a result of the simul-
taneous activation of the TO(L) and =,0 overtones. The
Raman feature at 2333 cm ™! is of particular interest be-
cause it mirrors the absorption feature at 2332 cm ™' for
which there is no CP-related interpretation, thus pointing
to an accidental mode singularity or a nonintrinsic pro-
cess.
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