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A range of applications of Infrared Spectroscopic techniques to the study of solid state problems is
discussed along with study of thin films using Fourier Transform Infrared Spectroscopy, accompanied
by a brief comparison with other spectroscopic techniques. A specific case of infrared transmission
through a superconducting film is put forth -a formulation utilizing the introduction of a complex
conductivity in the superconducting state in order to attempt energy gap interpretations of such
transmission is reviewed. Use of Near Infrared (NIR) spectroscopy for solid state characterization
and analysis, and Far Infrared (FIR) spectroscopy for the study of high Tc superconductor are also
discussed.
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I. INTRODUCTION

Infrared spectroscopy encompasses a range of tech-
niques, most commonly absorption spectroscopy, used to
study the interaction of matter with infrared radiation
(which is the part of the electromagnetic spectrum longer
in wavelength than visible light and is defined within the
wavelength range of 700 nm — 1 mm). Infrared radiation
is commonly categorized into three sub-regions, namely,
Near-Infrared (0.78–3 µm), Mid-Infrared (3–50 µm) and
Far-Infrared (50–1000 µm).

Fourier Transform Infrared (FTIR) Spectroscopy is
one of the most widely used infrared spectroscopic tech-
niques - an Interferometer generates an interferogram
(consisting of a combination of frequencies) which is
passed through the sample and the distribution of in-
frared light is controlled by a moving mirror. The out-
put interferogram after absorption from the sample is
recorded and is turned into the spectrum through data-
processing using the Fourier transform technique. The
output is usually expressed in terms of wavenumbers.
Since, this kind of spectroscopy provides information
regarding the vibrational and rotational energy levels,
FTIR is an excellent tool for characterization and study
of solid state samples, as well as in gaining an under-
standing of the physics of novel materials such as super-
conductors with high and low transition temperature Tc.

In case of these superconductors, another type of In-
frared study employed is Far Infrared (FIR) spectroscopy
which can be used to determine the energy gap in high
Tc superconductors as well as shed light on the electron-
phonon coupling mechanism in such systems. For su-
perconducting materials, existence of a complex and fre-
quency dependent admittance results in a complex con-
ductivity, which simplifies the interpretation of infrared
transmission observations through the superconducting
film, using the Kramers-Kronig relations.

Near-infrared spectroscopy (NIR) is an effective tech-
nique for chemical and physical analysis of solid state
samples. It can be utilized in quantification of amor-
phous material, to monitor phase transformation, de-
termine moisture content and in specialized applications
such as identification of polymorphic drug forms in phar-
maceuticals.

II. FOURIER TRANSFORM INFRARED
SPECTROSCOPY

Fourier-Transform Infrared Spectroscopy is a routinely
used spectroscopic technique that records the absorption
or emission of a sample in the form of a high-resolution
spectral data over a given range of wavenumbers. A
mathematical transform known as the Fourier transform
is performed on the collected data to transform the inter-
ferogram obtained into a spectrum. Depending upon the
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required resolution in the final spectrum, the distance
over which path length of the interferometer mirror is
varied can be changed.

A. Working Principle of FTIR spectrometers :
absorption measurements

The basic components of a Fourier Transform Infrared
Spectrometer consist of a radiation source, an interfer-
ometer and a detector. The working component of any
FTIR spectrometer consists of the Michelson interferom-
eter — consisting of a beamsplitter, a pair of mirrors and
a compensating plate. The mechanical scan of the posi-
tion of one of the mirrors is used to achieve the difference
in path length between the two interferometer arms. In
such a way, the interferogram may be generated which
is a temporal variation in the transmitted intensity of
light. If the incident light is monochromatic then the in-
terferogram is of sinusoidal nature as a function of mirror
position. For broadband sources, the interferogram is a
superposition of an infinite number of sine waves with
different periodicity but a common central maximum.

The intensity of the observation points can be recorded
through the use of a computer generated Fourier trans-
form of the interferogram to generate a rapid-scan FTIR
spectrum. The use of Fourier Transform Infrared spec-
trometers over dispersive ones is aided by the ”Fellgett
advantage” (the data for all wavelengths are recorded si-
multaneously giving a higher signal-to-noise ratio for a
given time range of scans proportional to the square root
of the number of scans), the ”Jacquinot advantage” (an
aperture regulates incoming light for a given set of res-
olution and wavelength, through modulation at different
frequencies as the path difference changes allowing for
greater signal-to-noise ratio), and a greater accuracy for
recording at specific frequencies (known as Connes’ ad-
vantage). FTIR spectrometers also offer lesser sensitivity
to stray light (which is the appearance of one wavelength
at a different wavelength in the spectrum), improving
quality of signal.

B. FTIR absorption spectroscopy of very thin films
— FTIR Absorption measurements on

Cu1−xTlxBa2Ca3Cu4O12−y superconducting thin film

When prepared at temperatures above 900oC
Cu1−xTlxBa2Ca3Cu4O12−y thin films exhibit metallic
behavior from ambient temperature range to the be-
ginning of the superconducting temperature range with
regard to the temperature variation of their resistivities.
For these samples, the critical temperature at which
resistivity is zero is 95-112 K, with 110-120K being the
temperature at which onset of superconducting behavior
takes place (separate report by Ihara et al. [9]places
the superconducting transition temperature at 126K).
The preparation of the thin films was carried out at

temperatures 1193 K, 1188 K, 1183 K and 1178 K.
Due to the synthesis at high temperatures, there is
partial deficiency of O3 in some of the sites in the charge
reservoir layer Cu1−xTlxBa2O4−δ . Taking an FTIR
absorption measurement this can be observed by noting
that the 464-474 cm−1 band representing apical oxygen
has a relative intensity that is enhanced(Figure 1). The
O3 mode vibration is observed at 800-940 cm−1[3].

FIG. 1. (a)FTIR absorption spectra of Cu1−xTlx-1234 sam-
ples prepared above 900oC before annealing (b) Extended
FTIR absorption spectra of Cu1−xTlx-1234 samples prepared
above 900oC before annealing [3]

For preparation of Cu1−xTlxBa2Ca3Cu4O12−y thin
films below 900oC, the variation of resistivity from am-
bient to superconducting temperature shows metallic be-
havior — in this case, superconductivity onsets at 120K
and the resistivity is zero at 110K. Figure 2 shows the
infrared measurement on the sample prepared at 895oC
for wavenumber range 400-4000 cm−1. The spectrum
shows bands at ∼450-475, 800-1000 and 1300 cm−1 with
the band above 400 cm−1 supposed to be attributed to
lighter oxygen atom vibrations, with the 454 cm−1mode
ascribed to apical oxygen and O3 vibration modes at
914cm−1. Additionally, absorption band at 1300cm−1

is ascribed to C-O vibrational mode, as Carbon can be
included during synthesis since some of the primary ma-
terials used for synthesis are compounds containing car-
bon.

III. INFRARED TRANSMISSION IN
SUPERCONDUCTING FILMS : ENERGY GAP

INTERPRETATION

Using the complex admittance per square of a film,
which is thin in comparison to the skin depth and large
in its transverse dimension in comparison to wavelength,
the reflectance and transmission properties can be com-
pletely worked out. For a film with admittance M that
is laid on a substrate having refractive index µ, taking a
ratio of the power transmission when the film is present
to that when the film is absent can be written as, [2]

T = |1 + Z0M/(µ + 1)|−2 (3.1)
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FIG. 2. (a) FTIR absorption spectra of Cu1−xTlx-1234 sam-
ples prepared below 900oC before annealing (b) Extended
FTIR absorption spectra of Cu1−xTlx-1234 samples prepared
below 900oC before annealing [3]

where, Z0 = impedance of free space. For metals, M
is1/RN , where RN is the dc resistance per square for
film.

For these films, regardless of the value of ω, transmis-
sion is only about one-fourth even though the skin depth
is dependent on ω. For superconducting state, M is a
complex, frequency-dependent quantity. Using Eq.(3.1)
the ratio of the power transmission in the superconduct-
ing state TS to that of the normal state TN , is

Ts

TN
= [ {

√
TN +(1−

√
TN ) σ1

σN
}2 + {(1−

√
TN ) σ2

σN
}2]−1

,

where σ is used to denote conductivity and for the
superconducting state, the complex conductivity is in-
troduced using the expression σ1(ω) − ι σ1(ω) =
σNRNY (ω)

The Kramers-Kronig relations allow for a provision to
have both σ2 and σ1 at a fixed frequency, if there are
measured observations throughout the relevant range of

frequencies, despite the limitation of a transmitted power
measurement being insufficient to have fixed values of
frequency for σ2 and σ1.[5,6]

Using the London-type conductivities σL1 = c2

8λ2 δ(ω −
0) , σL2 = c2

4πωλ2 , the Kramers-Kronig relations can
be satisfied and for the superconducting film these would
be equivalent to their inductive admittance without loss.
Considering these to be the only term present, complete
transmission at high frequencies would lead to TS =
1, with transmission increasing continuously with fre-
quency. However, given that observations support at
high frequencies TS→TN , therefore the normal conduc-
tivity would have to be present in both states too. Such
a description explains the high frequency limit but for
explanation of the observed transmission peak at inter-
mediate frequencies the following model needs to be con-
sidered.

FIG. 3. Frequency dependence of conductivity for an energy-

gap model at T=0 under the assumption σ1
σN

= 1 − ω2
g

ω2 and
σ2
L
σN

=
ωg

ω
. [2]

For the superconductor a model is considered where
the energy gap is ~ωg ≈ 3kTc for one-electron energy
states - this gap is chosen in accordance with specific
heat data (Corak et al.,1956)[10]. For energies ~ω < ~ωg
, the lossy conductivity σ1 is 0. For ~ω > ~ωg, increasing
ω leads to a gradual increase in σ1, since the fraction of
available states for excitation with regard to the occupied
state below the Fermi Level increases.

For Figure 3, considering the assumptions that σ1

σN
=

1 − ω2
g

ω2 and
σL
2

σN
=

ωg

ω , the Kramers- Kronig relations

come out to be ,
σ
′
2

σN
= −

(
1
π

)
(
1−

ω2
g

ω2

)
ln|ωg+ω|

|ωg−ω|+2
ωg
ω

 . The
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sharp transmission peak can be explained by considering
that both 1 and 2 are small and for T > 0, 1 will be >0,
at value greater than g too, and 1 has a gradual rise from
a lower frequency leading to a lower transmission peak
in calculated curve.

IV. FAR- INFRARED SPECTROSCOPY IN
HIGH Tc SUPERCONDUCTOR :AN EXAMPLE

Far-infrared reflectivity measurements of polycrys-
talline YBa2Cu3O7−δ samples with superconducting
transition temperature in the 90K range were performed
by Genzel et al. [4]. The Far-Infrared reflectance mea-
surements were performed in the range 20 cm−1 to 500
cm−1. Presence of phonon absorption in interference
with the superconducting electron influenced reflection
properties were observed noting the distinct features in
the spectrum obtained. The Far infrared reflectance
was measured with 2cm−1 resolution with single reflec-
tion near normal incidence for unpolarized light. Dis-
tinct bands in the spectra at 150-230 cm−1 region are
attributed to phonon frequencies. From the generated
reflection spectra, the band width could be determined
taking into account the effect of electron-phonon inter-
action. For an approximate carrier concentration of 1022

cm−3, a band gap energy of 5 x 10−4Ωcm is obtained for
100K, leading to a relaxation time of τ= 2 X 10−15 s.
Also, for measurements in the 150–350 cm−1 range, tem-
perature dependent features due to optical phonon were
observed between 10 K - 300K.

V. NEAR-INFRARED SPECTROSCOPY

A. Near-IR absorption bands : origin

The operation range for Near-Infrared spectroscopic
measurements is usually 13,300 to 4000 cm−1(which cor-
responds to a wavelength range of 750-2500 nm) . At this
range, the energy of the incident photons is large enough
to produce only the lowest vibrational excitations, and
insufficient to induce electronic excitations. The applica-
tion of Near-Infrared spectroscopy is useful since it pro-
vides advantage of being universally applicably since any
molecule containing C-H, S-H, N-H or O-H bonds can be
probes using this method.

To produce excitation to a higher vibrational energy
level in a molecule, radiation of energy equal to the differ-
ence between two vibrational levels or of their overtones
or combinations of two or more vibrations are needed. An
equality between the energies of the incident photon and
the vibrational levels is not sufficient, though, to cause
absorption of radiation. For any molecular vibration to
be infrared active, the vibrational motion must result in
a net electric dipole moment within the molecule. This
holds true for the fundamental mode of vibration ; for
combination bands, some modes of vibration may not be

visible, however, in the mid-infrared region. The inten-
sity of the vibrational absorption band is proportional
to the change in dipole moment in the molecule and the
degree of anharmonicity. For samples having bonds with
hydrogen, carbon, sulfur and nitrogen atoms, this change
in dipole moment as well as the degree of anharmonicity
are very prominent and therefore the near-infrared ab-
sorption bands pertaining to these types of bonds are
very prominent. For C-H, N-H ,S-H and O-H bonds
(which have significant anharmonicity) the fundamental
modes occur at wavelength range of 3000-4000nm, so the
overtones and combination modes of these fundamental
vibrations can be seen in the near-infrared region.[7,8]

B. Solid State characterization

Application of Infrared techniques in the solid state
characterization of materials is useful given that it is
a non-destructive and non-invasive technique and espe-
cially for materials such as pharmaceutical drugs, the
identification and monitoring of solid state transforma-
tion is a critical requisite in the study of changes in bio-
pharmaceutical properties and processing behavior , both
qualitatively and quantitatively.[1]

1. Identification of hydration state

For pharmaceutical drugs, hydration state affects phys-
ical or chemical stability of the drug as well as its solu-
bility and dissolution bioavailability if a change occurs in
the hydration state during manufacturing or storage. It
is important therefore that this be monitored.

Even though, other spectroscopic techniques can be
used for this purpose, Near-infrared spectroscopy has an
advantage over other techniques since it shows unique
absorption bands in spectral region. For a given solid
state sample, a difference in environment of H2O leads
to a unique change in the near-infrared spectral region
which can serve as a signature. Due to the anharmonic
nature of the -OH bond of water five maxima appear at
760,970,1170,1450 and 1940 nm. Of these bands, the first
overtone of -OH stretching vibration and a combination
of -OH stretching and bending vibrations are assigned to
1450 and 1940 nm, respectively. Hydrogen bonding in-
tensity and molecular interactions further influence the
band positions. These can then be used to study the
water-solid interactions and to distinguish between hy-
drate forms of the drug.

2. Quantification of change for crystalline to amorphous
transformation or vice versa

The transformation of amorphous substances to crys-
talline form is detrimental with respect to performance
and stability for various drugs, in general. Given that
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such a change directly affects the critical qualities of drug
products therefore, it is essential to be able to quantify
the change in state of a drug from amorphous to crys-
talline both during development as well as production.
Even though other techniques such as Inverse Gas Chro-
matography (IGC), FT-Raman spectroscopy, Isothermal
micro-calorimetry (IMC) exist, each of these techniques
is limited by certain conditions such as requirement of
large sample size, lack of specificity and a prerequisite of
specified experimental conditions and methodology.

Owing to intermolecular interactions (specifically hy-
drogen bonding) as well as conformal differences that
lead to characteristic band shift and intensity difference,
Near-Infrared spectra of amorphous materials are signif-
icantly different from that of their crystalline counter-
parts. For various drug molecules such as miokamycin,
indomethacin and lactose, Near-Infrared spectroscopy
can be used with appropriate chemometric tools for quan-
tification of amorphous to crystalline ratio, with appre-
ciable degree of accuracy. For crystalline materials, ease
of processing can be affected by the crystalline to partly
amorphous transformation due to mechanical or thermal
stress.

3. Characterization in co crystallization process

In co-crystallization, a supramolecular synthesis in-
volving formation of linkage between molecules via weak
interactions takes place. Even though single crystal X-
ray diffraction technique is preferred to study and con-
firm co crystal formation, generation of crystals suitable
for x-ray diffraction studies can be difficult (especially
challenging is the identification of the location of the hy-
drogen bond). Infrared spectroscopy can be used to de-
tect the formation of cocrystals and to distinguish them
from salts. However, due to the prerequisite of a refer-
ence set of samples representing different solid forms of
drug, near infrared spectroscopy can sometimes be less
preferred in the characterization of co crystals.

VI. COMPARISON OF INFRARED
SPECTROSCOPY WITH OTHER
SPECTROSCOPIC TECHNIQUES

Even though Infrared spectroscopy is a very useful
technique in study and characterization of various solid
state samples, other spectroscopic techniques exist that
can complement or improve over the results obtained for
a given sample using Infrared Spectroscopy. Two of the
most common and widely used spectroscopic techniques
for study of relevant samples are Raman Spectroscopy
and NMR spectroscopy. NMR or Nuclear Magnetic res-
onance Spectroscopy has the advantage of being a di-
rect method of probing, in that it can detect changes in
the connectivities between different atoms directly - pro-
viding sharp peaks for each of the species constituting

the sample, for both proton-NMR and 13C-NMR type of
probing. Infrared spectroscopy is a good tool to identify
functional groups so it can be coupled with NMR spec-
troscopy to obtain more precise information about the
samples being analyzed.

IR spectroscopy can very efficiently identify the C=O
stretching vibrational mode due to the presence of a char-
acteristic spectral band at 2100 cm−1. However, one of
the significant limitations in IR is the limitation of hav-
ing aqueous samples since water absorbs infrared radia-
tion giving intense bands that might mask the absorption
bands for the sample under study. This limitation is ab-
sent in Raman spectroscopy, since water is a weak Raman
scatterer and so aqueous samples can be easily probed.
However, Infrared spectroscopy and Raman spectroscopy
can be used to complement each other for analysis of ob-
served data especially if the sample is an unknown one
, and Infrared and Raman spectroscopy can be used to
identify ionic and covalent character of the bonds present,
respectively.
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