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Novel Attenuated Total Reflection Fourier Transform
Infrared Microscopy Using a Gem Quality Diamond
as an Internal Reflection Element
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A novel technique for attenuated total reflection Fourier transform
infrared (ATR FT-IR) spectral acquisition by an infrared micro-
scope with a gem-quality faceted diamond as an internal reflection
element (IRE) is introduced. Unlike conventional IREs, the novel
diamond IRE has a sharp tip configuration instead of a flat tip
configuration. Light at normal incidence was coupled into the dia-
mond while the transflected radiation from the diamond was col-
lected through the table facet by the built-in 153 Cassegrainian
objective. The number of reflections in the novel diamond IRE
equals two. The evanescent field generated under total internal re-
flection at the pavilion facet was exploited for ATR spectral acqui-
sition of materials attached to the IRE. The observed ATR spectra
were compared to those obtained via a traditional zinc selenide IRE.

Index Headings: Faceted diamond; Attenuated total reflection; ATR
spectrum; Fourier transform infrared; ATR FT-IR; Micro-ATR;
Internal reflection element; Diamond IRE.

INTRODUCTION

Attenuated total reflection Fourier transform infrared
(ATR FT-IR) spectroscopy is a molecular spectroscopic
technique with unique surface-sensitive properties de-
rived from the rapid decay of the strong evanescent field
generated under the total internal reflection (TIR) phe-
nomenon.1–5 Although the rapid decay characteristic of
the evanescent field makes the ATR spectrum sensitive
to physicochemical phenomena near the interface, restric-
tions associated with the decay characteristic impose lim-
itations on the application of the technique. The sample
must optically contact the internal reflection element
(IRE) in order to exploit the strong evanescent field near
the interface. A small air gap can significantly deteriorate
the observed spectra.6 In most cases, ATR spectra of a
hard and rigid solid sample cannot be observed, even
though the sample is mirror flat, due to insufficient con-
tact. The ATR technique is most effective for the spectral
acquisition of liquids, soft solids, or thin films that can
be cast onto the IRE since optical contact can be easily
achieved. In order to improve the contact of hard and
rigid solid samples, force is applied onto the sample
against the IRE.7–10 However, this operation must be per-
formed with extreme care since the excessive force might
damage the surface of the IRE. Another approach is to
use an ATR accessory with an IRE with a small contact
area in order to minimize the effect of local unevenness
or roughness of the surface attached to the IRE.11–13 There
are numerous commercially available accessories de-
signed for counteracting the contact problem. The hardest
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rare type II natural diamond is employed in those acces-
sories. Optical contact between the flat surface of the di-
amond IRE and a rigid solid sample can be easily
achieved by simply pressing the two together.14,15

This paper introduces a novel ATR FT-IR microscopy
method using a gem-quality round brilliant cut diamond
(;0.1 carat weight) as an IRE for spectral acquisition
with an infrared microscope under the reflection mode.
Unlike conventional IREs7–13 and commercially available
diamond IREs,14,15 the novel approach employs a sharp-
tip diamond IRE. The observed ATR spectra acquired
with the diamond IRE will be compared to those acquired
with a traditional zinc selenide (ZnSe) IRE.

THEORY

When electromagnetic radiation traveling within a
denser medium (i.e., an IRE) impinges at the interface
with a rarer medium of lower refractive index (i.e., a
sample) at an angle of incidence greater than the critical
angle, a strong evanescent field is generated at the inter-
face. The evanescent field is strongest at the interface and
decays exponentially as a function of the distance into
the rarer medium. If the rarer medium is absorbing at the
coupled frequency, the intensity of the reflected radiation
becomes smaller than that of the incident radiation. The
magnitude of reflection loss (or absorption) is propor-
tional to the product between the imaginary part of the
complex dielectric constant and the evanescent field am-
plitude. The absorbance A(u, n) can be expressed in terms
of the experimental conditions and material characteris-
tics as:6,16

2(2pn) d (u, n)pA(u, n) 5 ·
ln(10)k (u, n) 2z,IRE

23 Im[«̂ (n)]^E (u, n)& (1)sample 0

where u is the angle of incidence, n is the frequency of
the incident radiation, is the complex dielectric«̂ (n)sample

constant of the sample, dp(u, n) is the penetration depth,
^E (u, n)& is the mean square evanescent field (MSEvF)2

0

at the IRE/sample interface, and kz,IRE(u, n) is the z-com-
ponent wave-vector within the IRE. The wave-vector can
be expressed in terms of the x-component wave-vector
kx,IRE(u, n) by kz,IRE(u, n) 5 [(2pn)2«IRE 2 kx,IRE(u, n)]1/2,
where kx,IRE(u, n) 5 2p[«IRE sin2u] and «IRE is the dielectric
constant of the prism. The detailed derivations of the
MSEvF are given elsewhere.17,18 The penetration depth,
defined as the distance at which the MSEvF decays to
1/e of that at the interface, is given in terms of experi-
mental conditions and material characteristics by dp(u, n)
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FIG. 1. Penetration depth in the mid-infrared region at various angles
of incidence with a ZnSe IRE.

FIG. 2. Transflectance spectra of round brilliant cut natural diamonds
with different levels of nitrogen impurities: (A) 0.0960 ct, (B) 0.1030
ct type IaA, and (C) 0.0910 ct type IaB. An absorption band at 2350
cm21 is due to a fluctuation of atmospheric carbon dioxide during the
spectral acquisition.

5 1/[kx,IRE(u, n) 2 (2pn)2«IRE]1/2. Although the penetration
depth is not the actual distance from the interface where
the evanescent field interacts with the sample, it is the
figure that indicates relative depth-dependent information
acquired under various experimental conditions. The ac-
tual distance at which the spectral information was ac-
quired (i.e., the sampling depth) is greater than the pen-
etration depth.19 The penetration depth profile in the mid-
infrared region shown in Fig. 1 implies that absorption
bands at various frequencies in an ATR spectrum do not
provide information up to the same depth. The greater
the frequency and/or the angle of incidence, the shallower
is the depth of the acquired spectral information. An ob-
served ATR spectrum is the collective molecular infor-
mation from the IRE/sample interface up to the depth
(i.e., sampling depth) at which the MSEvF decays to an
insignificant level. The sampling depth in an ATR FT-IR
spectrum is varied depending on the experimental con-
ditions (i.e., angle of incidence and frequency of the cou-
pled radiation) and material characteristics (i.e., refractive
indices of the IRE and sample). In general, the value is
approximately a few micrometers from the IRE/sample
interface. However, it should be noted that the majority
of the spectral information comes from chemical moieties
near the interface, where the MSEvF is strongest. The
spectral contribution at a greater depth decreases expo-
nentially as the evanescent field decays.

Diamond can be employed as an IRE due to its high
refractive index (nDiamond 5 2.417) and partial optical
transparency in the mid-infrared region. Diamond has
three major absorption bands in the mid-infrared region,
namely one-phonon (1400–900 cm21), two-phonon
(2650–1500 cm21), and three-phonon (3900–2650 cm21)
absorptions.20 The absorption magnitude in the one-pho-
non region depends strongly on the concentration of ni-
trogen impurities. Diamond with a high nitrogen content
always shows over-absorption in this region.21 Although
the two-phonon region is always over-absorbing, it has
little effect on the analysis of organic materials since
most of the materials do not absorb in this region. The
three-phonon absorption, on the other hand, is very weak.
It imposes insignificant interference on the absorption of

the materials. Transflectance spectra of round brilliant cut
diamonds with different magnitudes of nitrogen and hy-
drogen impurities are shown in Fig. 2. Absorption bands
associated with impurities are clearly observed. The ob-
served spectral envelopes in the one-phonon region in-
dicate that the diamonds are of different types. The dia-
monds in Figs. 2B and 2C are of type IaA and IaB, re-
spectively, while that in Fig. 2A cannot be identified due
to the over-absorption in the one-phonon region. A sharp
peak at 3107 cm21 is assigned to the vinylidene vibration
of the hydrogen impurities in the diamond crystal struc-
ture. The intensity of the peak varies considerably with
the concentration of hydrogen impurity in the diamond
crystal structure.20,21

In principle, a faceted diamond is cut in such a pro-
portion that the number of total internal reflections within
the diamond is enhanced. To increase the number of total
internal reflections, the cutting proportion of the diamond
is carefully designed with respect to its refractive index,
size, shape, and carat weight. The number of reflections
depends on the angle and positions at which light enters
the diamond. The greater the number of total internal
reflections, the better is the fire and brilliance of the di-
amond. This phenomenon is due to the dispersion of light
associated with its traveling distance and the total internal
reflection inside the diamond.22,23 A schematic illustration
of ray tracings within a round brilliant cut diamond is
shown in Fig. 3. In order to collect transflectance spectra
of a faceted diamond using an infrared microscope, the
infrared radiation is coupled into and is collected from
the table facet by the built-in 153 Cassegrainian objec-
tive.24 For the coupled radiation with a normal incidence
to the table facet, the radiation totally reflects at the pa-
vilion facet. Under the employed cut proportion (i.e., a
set of Tolkowsky’s recommended proportion with pavil-
ion angle of 418 and crown angle of 348),20,21 the angles
of reflection at the pavilion facet are 418 and 578 for the
first and second reflections, respectively. The radiation
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FIG. 3. (A) A schematic illustration of a round brilliant cut diamond
with Tolkowsky’s recommended proportion. (B) Ray tracing of the cou-
pled radiations within the faceted diamond. Angles of reflection and
refractions defined with respect to the direction normal to the reflecting
surfaces are summarized.

FIG. 4. (A) Transflectance spectra of the employed diamond IRE
(0.0910 ct type IaB). (B) ATR spectra of a minute amount of mineral
oil on the culet of the diamond IRE with different angles of diamond
rotation. The inset shows the superimposition of the ATR spectra of the
mineral oil in the CH stretching region.

reaches the diamond/air interface at the table facet with
an angle of 168 and refracts into air with an angle of
41.778. Due to the complex cut surfaces of the faceted
diamond, the coupled radiations that impinge the table
facet with different angles and/or positions undergo dif-
ferent reflections inside the faceted diamond before
emerging into air at any facet. According to the traveling
path of the coupled radiation, the outgoing radiation from
the table facet is defined as the transflected radiation. The
evanescent field generated under total internal reflection
at the pavilion facets can interact with a material attached
to the diamond. By collecting the transflectance spec-
trum, absorption of the material under ATR conditions
can be observed.

EXPERIMENTAL

All FT-IR spectra were collected using a Nicolet Mag-
na 750 FT-IR spectrometer equipped with a mercury-cad-
mium-telluride (MCT) detector. Spectra in the mid-infra-
red region (4000–650 cm21, unless otherwise specified)
with a spectral resolution of 4 cm21 with 512 coadded
scans were employed. A commercial single-reflection
ATR accessory (The SeagullTM, Harrick Scientific) with
a 25 mm hemispherical ZnSe IRE was employed for all
conventional ATR FT-IR spectral acquisitions. For the
novel ATR FT-IR spectral acquisition using an infrared
microscope, a gem-quality round brilliant cut natural di-
amond type IaB (0.0910 carat) was employed as an IRE.
The defect-free diamond was mounted onto a homemade
micro-ATR accessory. The homemade accessory has a
sample holder whereby a solid sample can be brought
into contact with the culet of the diamond IRE. Infrared
radiation from the infrared microscope (Model NIC-

PLAN, Nicolet) attached to the FT-IR spectrometer was
coupled into the diamond while the transflectance radia-
tion was collected via the built-in 153 Cassegrainian ob-
jective through the table facet. Reflection with normal
incidence from a gold mirror was employed as a back-
ground for all ATR FT-IR spectra acquired by the micro-
scope.

As shown in Fig. 3, unlike conventional IREs7–13 and
commercially available diamond IREs,14,15 the sampling
area of the novel IRE is the sharp pavilion facet of the
cut and polished diamond. The effective number of re-
flections equals two. Due to the divergent nature of the
focusing optics, although the radiation was coupled under
normal incidence to the table facet, the angle of incidence
at the diamond/sample interface was not well defined but
instead covered a range of angles. As a result, the ob-
served spectrum is the collective spectral information of
all possible angles.

RESULTS

Transflectance spectra of the employed diamond IRE
(i.e., ATR spectra of air) are shown in Fig. 4A. Since
diamond is absorbing in the mid-infrared region, absorp-
tions at the characteristic frequencies of diamond are ex-
pected when it is employed as an IRE for ATR measure-
ments. The three fundamental absorption bands and the
absorption bands associated with nitrogen and hydrogen
impurities in the diamond crystal structure were clearly
observed. The employed diamond IRE is classified as a
type IaB diamond based on the spectral envelope in the
one-phonon region. Since the bands are unique to dia-
mond, they appear in all ATR FT-IR spectra acquired
with the diamond IRE with a specular reflection from a
gold mirror as a reference. ATR spectra of a minute
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FIG. 5. (A) ATR spectra of soft rubbers of different sizes. The ob-
served spectra do not change when the size is greater than 5 3 5 mm.
(B) ATR spectra of mirror-flat polycarbonate specimens of different
sizes. The specimens were pressed against the hemispherical ZnSe IRE.
The shown spectra were those with unchanged absorption as the pres-
sure was increased.

FIG. 6. (A) ATR spectra of a mirror-flat polycarbonate acquired using
the novel diamond IRE. The specimen is the same as that in Fig. 5B.
(B) ATR spectra of a complex-shaped polycarbonate (an RJ-45 UTP
connector for the Ethernet card). When the contributions of the diamond
IRE were subtracted, the unique spectral features of the polycarbonate
were revealed. An ATR spectrum of polycarbonate acquired using the
ZnSe IRE is overlaid for comparison.

amount of mineral oil deposited on the culet are shown
in Fig. 4B. The mineral oil covers the culet and a very
small portion of the pavilion facet near the culet. When
the diamond IRE was rotated to different angles with
respect to a reference position, the observed spectra were
superimposed. Although there are some negligible dis-
crepancies among the observed spectra due to minor var-
iations associated with the diamond alignment, Fig. 4B
indicates that it does not have any influence on the ob-
served ATR spectra.

Spectra in Fig. 5A show the influence of sample size
on the absorption magnitude. According to the optical
design of the employed single-reflection ATR accessory,
the illumination area on the surface of the hemispherical
IRE is relatively small compared to the flat surface of the
IRE. The experimental results indicate that the illumi-
nation area is approximately 25p mm2 at the center.
When optical contact is achieved (i.e., with a soft solid
or liquid), further increments of the sample size lager
than the illumination area do not increase the absorption.
The influence of sample contact is shown in Fig. 5B.
ATR spectra of hard and rigid solid polycarbonate with
mirror-flat surfaces indicate that the small specimen (5 3
5 3 2 mm) possesses a much greater absorption magni-
tude compared to those of the large specimens. This is
due to the insufficient contact between the large polycar-
bonate sample and the IRE compared to that of the small
one. Good contact for a small sample can be achieved by
simply applying pressure on the sample against the
IRE.7–9,14,15 A large specimen tends to have a surface with

local unevenness or a surface with small particles that
prevent good contact. As a result, the observed ATR
spectrum becomes deteriorated. In the worst case, an
ATR spectrum of a hard and rigid solid sample cannot
be observed at all.6

An ATR spectrum of the same specimen acquired with
the diamond IRE, on the other hand, does not suffer from
the variation of the sample size since the sampling area
is governed by the small contact area of the diamond IRE
(see Fig. 6A). The diamond tip (i.e., the culet and part
of the pavilion facet) is utilized as the sampling area
where the evanescent field interacts with the sample. The
contact area between the diamond IRE and sample can
be manipulated via the penetration of the diamond tip
into the sample. Since the diamond tip is very small, the
problems associated with the contact were eliminated
while the diamond tip always possesses good contact
with the hard and rigid solid sample. Pressure can be
applied onto the sample against the diamond IRE to en-
sure optimal contact during spectral acquisition. ATR
spectra of the hard and rigid polycarbonate with complex
shapes (RJ-45 UTP connector for Ethernet card) are
shown in Fig. 6. Due to the small contact area of the
diamond IRE, the observed ATR spectrum was not af-
fected by the surface irregularity or roughness of the
specimen. It should be noted that ATR spectra of such
specimen cannot be observed by the conventional ATR
technique without additional sample preparation. For the
current spectral acquisition with the novel diamond IRE,
the specimen was simply brought into contact with the
IRE and the ATR spectrum was taken. When the absorp-
tion of diamond was subtracted from the observed spec-
tra, unique spectral features of the polycarbonates were
revealed. However, the contribution of the diamond ab-
sorption cannot be completely eliminated due to the dif-
ferences in the optical configurations of the systems (i.e.,
diamond/air and diamond/polycarbonate). Although the



1240 Volume 59, Number 10, 2005

FIG. 7. The MSEvF with different thicknesses of air gaps. The MSEvF
integration within the polymer layer (inserted table) decreases signifi-
cantly as the thickness of the air gap increases. The simulation param-
eters are shown.

absorption of diamond in the two-phonon region was
completely subtracted, absorption of diamond at 3107
cm21 is still observable. As a result, absorption of dia-
mond in the one-phonon region was still present in the
subtracted spectra. Due to strong absorption of the poly-
carbonate in the region, residual absorption of the dia-
mond in the one-phonon region was obscured.

DISCUSSION

The ability of the ATR technique to selectively acquire
molecular information within the region up to few mi-
crometers from the surface is derived from the unique
properties of the evanescent field generated under total
internal reflection. According to Eq. 1 and the frequency-
dependent nature of the penetration depth, the absorption
in an ATR spectrum is strongly dependent on the degree
of contact between the IRE and the sample. If good con-
tact is not achieved, integration of the MSEvF within the
sample (thus, the absorbance) becomes smaller (see Fig.
7). When good contact is not achieved in the IRE/poly-
mer two-phase system, an air gap exists between the IRE
and the polymer. The system becomes a three-phase sys-
tem (i.e., IRE/air/polymer). The integration of the eva-
nescent field within the polymer is drastically decreased
as the thickness of the air gap increases. Although there
is a field enhancement within the air gap due to optical
effects, the field does not contribute to the absorption of
the polymer. Under the conditions defined in Fig. 7, when
the thickness of the air gap is greater than 1.00 mm, the
field integration within the polymer becomes insignifi-
cantly small compared to that without an air gap. As a
result, the absorption of the polymer at the defined fre-
quency cannot be observed. As shown in Fig. 5B, for a
hard and rigid solid sample absorption of the small sam-
ple with better contact is greater than that of the big sam-
ple with poor contact. Since good contact is necessary
for the measurement of a good-quality ATR FT-IR spec-
trum, a small sample or an IRE with a small contact area
was employed for contact improvement.14,15 Since the em-
ployed commercial ATR accessory has focusing optics
with a small illumination area on the flat surface of the

hemispherical IRE, it is suitable for spectral acquisition
of a small, hard and rigid solid sample with a mirror-flat
surface. However, for a solid sample with a rough and
curved surface or that with a complex shape, good con-
tact with the IRE is not normally achieved while the ob-
served ATR spectrum is deteriorated.

The small diamond IRE eliminates problems associ-
ated with sample contact. It can be employed for ATR
spectral acquisitions of hard and rigid solid materials that
cannot normally be measured by conventional ATR ac-
cessories. Since diamond is the hardest known material,
it cannot be easily damaged by an excessive force under
normal operations. Good contact is always achieved by
simply pressing the sample against the diamond IRE. No
sample preparation or minimal sample preparation is re-
quired when collecting spectra using the novel diamond
IRE. Since diamond is an isotropic medium while the
coupled radiation from the Cassegrainian objective is
non-polarized,24 rotation of the diamond IRE does not
introduce any change in the absorption of diamond. How-
ever, a negligible discrepancy between consecutive mea-
surements may be observed since the exact degree of
perpendicularity between the coupled radiation and the
table facet cannot be re-created. One major drawback of
the diamond IRE is its inherent strong absorption in the
one-phonon regions. Absorption of the sample in these
regions will be masked by the diamond absorptions.
However, this problem can be eliminated by employing
a synthetic diamond or a type II natural diamond with
extremely low nitrogen content.

CONCLUSION

A novel ATR FT-IR spectral acquisition method using
an infrared microscope with a gem-quality faceted dia-
mond as IRE was developed. The small diamond tip
eliminates the problems associated with an air gap or in-
sufficient contact between the solid sample and the IRE.
The hard and rigid solid sample with a rough surface can
be brought into contact with the diamond IRE while pres-
sure can be applied in order to ensure optimal contact
during measurement. Since diamond is the hardest known
material, ATR FT-IR spectra of hard and rigid solid ma-
terials can be measured (especially those with rough sur-
faces or irregular shape). One of the major drawbacks of
the employed type IaB natural diamond IRE is the mask-
ing absorption bands in the one-phonon region. However,
the problem can be overcome by employing a diamond
with low levels of nitrogen impurity or a rare type II
natural diamond with extremely low nitrogen impurity.
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