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Abstract

The Raman spectra of crystalline and amorphous solids of the same chemical composition can be significantly
different primarily because of the presence or absence of spatial order and long range translational symmetry,
respectively. The purpose or goal of this installment of Molecular Spectroscopy Workbench is to help readers
understand the underlying physics that affect the Raman spectra of crystalline and amorphous solids. Wave vector,
reciprocal space, and the Brillouin zone are explained with respect to Raman spectroscopy of solids.
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Introduction

Structurally, crystals differ from amorphous solids and glasses in that the former possess long-range translational
symmetry whereas the latter lack any spatial order. The Raman spectra obtained from quartz (crystalline and fused) and
a glass microscope slide (See Figure 1) very clearly demonstrate the importance of spatial order. The quartz samples
are of the same chemical composition but one is crystalline whereas the fused quartz is a glass with no long-range
translational symmetry. The Raman spectrum of crystalline quartz consists of sharp and mostly narrow bands whereas
that of the fused quartz manifests very broad peaks with widths of up to several hundred wavenumbers. One might
incorrectly conclude from the spectra that the chemical compositions of these two solids were different. However, they
are not and it is only their solid-state structures that differ, thereby producing the dramatic differences in the spectra.
The chemical composition of the microscope slide is different from that of quartz, but like the fused quartz it has a glass
solid-state structure with no long-range translational symmetry. Consequently, its Raman spectrum is similar to that of

the fused quartz insofar as it consists of very broad bands.
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Figure 1: Raman spectra of crystalline and fused quartz and a glass microscope slide.

Amorphicity can be induced in crystalline solids through ion bombardment, which is also known as ion implantation
when used in semiconductor fabrication. Dopants are placed at specific depths in semiconductors through the process
of ion implantation by carefully controlling the dopant flux and impact energy. Atoms are dislodged from their positions
in the host crystal lattice as a result of this ion bombardment. Consequently, the semiconductor’s crystal lattice is broken
and the long-range translational symmetry is disrupted. The extent of damage to the crystal lattice is determined by the
mass, energy, and flux of the dopant being implanted; for example, a heavier dopant mass and higher flux will induce
greater damage to the crystal lattice. The semiconductor must be annealed following ion implantation because of the
damage done to the crystal lattice. The heat treatment restores crystallinity and thereby activates the semiconductor

device.

Raman spectra of compounds in the liquid, or vapor, phase consist of narrow bands whose widths depend upon
the degree of chemical interaction between the molecules. The weaker the chemical interaction, the narrower the
band will be. In fact, the bands of a compound in the vapor phase will be narrower than those of the same compound
in the liquid phase for that very reason (1). The broad infrared absorption and Raman bands of water demonstrate
the effect of hydrogen bonding and the result of different degrees of chemical interaction between the molecules
in a neat liquid. The breadth of the O-H stretching modes in particular is a manifestation of the distribution of

vibrational energy states as a result of these many and different chemical interactions.

Interpreting the Raman spectra of compounds, or materials in the solid state, requires the knowledge of concepts
and mathematical treatments other than those of molecular spectroscopy. The Raman spectra of crystalline and
amorphous solids of the same chemical composition can be significantly different, primarily because of the
presence or absence of spatial order and long-range translational symmetry, respectively. Amorphous solids can
be thought of as a collection of formula units of the same chemical composition, but with varying bond angles and
lengths depending upon chemical bond interactions with nearest neighbors. There is no order to their arrangement
in space.

Consequently, one does not observe the narrow bands familiar to us in molecular spectroscopy from amorphous

solids. The distribution of formula units with varying bond angles and lengths produces a distribution of states of
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slightly varying vibrational energies. It may be helpful to think of this distribution of atomic and chemical bonding
arrangements in the amorphous solid as analogous to the distribution of vibrational energy states in liquid water
because of the presence of hydrogen bonding.

The spectroscopic selection rules for solid-state and molecular spectroscopy require making some important
distinctions regarding symmetry. The number of Raman and infrared active modes of a crystal depends upon the
space group symmetry of the crystal whereas the spectroscopically active vibrational modes of a molecule are
determined by its point group. The existence of a crystal lattice of repeating unit cells allows the propagation of
lattice vibrational waves (also called phonons) that originate in the repetitive and systematic vibrational motions
of the crystal’s atoms whereas the vibrational modes of molecules are local and not coupled to those of neighboring
molecules. It is the launching of a lattice vibrational wave or phonon by the incident photon that leads to the
scattering of a Raman photon by the crystal. We define a phonon as a lattice vibrational wave propagating through
the crystal arising from repetitive atomic displacements. Furthermore, the phonon has the characteristics of a

traveling wave insofar as it has a propagation velocity, wavelength, wave vector, and frequency.
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Figure 1: Raman spectra of crystalline and fused quartz and a glass microscope slide.

Raman spectra of single crystal and ion-implanted Si obtained from different locations on the same sample are
shown in Figure 2. The Raman spectrum of single-crystal Si consists of one triply degenerate optical phonon at
520 cm™! along with much weaker second-order transverse acoustic and optical modes that appear at approximately
305 cm and 975 cm™!, respectively. The selection rules for first-order Raman scattering from crystalline solids
dictate that only those optical phonons at the Brillouin zone center are Raman active. (We explain this rule later in
this article.) Consequently, the first-order Raman band at 520 cm™ is very narrow with a full width at half maximum
of only 4 cm™. This particular Si sample was implanted with a high dose of arsenic, a much heavier element than
the other common dopants boron or phosphorus, and so the crystalline lattice within the first several hundred
nanometers of the surface has been severely damaged and amorphized. The Raman spectrum of the arsenic-
implanted Si consists of very broad bands below 550 cm™'. The reason for the detection of Raman scattering over
this broad region is that the Raman selection rule for crystals restricting Raman scattering to phonons at the
Brillouin zone center no longer holds in amorphous Si and all of the phonons from Brillouin zone center to edge
are now sampled. The Raman spectrum of amorphous Si looks very much like the calculated populations of phonon

energy states within the first Brillouin zone of crystalline Si.
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Figure 2: Raman spectra of Si amorphized through ion implantation and single-crystal Si.

The purpose of specifying “Molecular Spectroscopy Workbench” is to understand the underlying physics that
produce such different Raman spectra in crystalline and amorphous solids. We need to understand concepts such
as wave vector, reciprocal space, and the Brillouin zone to accomplish that goal. Therefore, we will explain each
of these topics and will bring them all together, to explain that in a crystal only those phonons at the Brillouin zone
center are Raman active. With the loss of long-range translational symmetry in an amorphous solid, the Raman
selection rules for crystalline solids no longer hold. Consequently, all of the phonons of the Brillouin zone become
Raman active and the Raman spectrum of the amorphous solid resembles the phonon density of states of the
corresponding crystal’s phonon dispersion curve.

The phonon has been described as a traveling wave with one of its characteristics, the wave vector k, defined as

K= 2T 1]

where A is the phonon wavelength. The wave vector is in units of wavenumbers (cm™') because the phonon
wavelength is in the denominator. Perhaps question may arise why a reciprocal lattice with units of distance in the
denominator (for example, cm™) would be compatible with our treatment of phonon wave vectors in units of cm”
!. Depictions of a direct linear monatomic lattice along with its reciprocal lattice are shown in Figure 3. Each of
the dots in the linear crystal lattice represents an atom and the distance between the atoms is given by the letter a.
A reciprocal lattice can be constructed from the real lattice wherein the basis vector A of the reciprocal lattice is
equal to 2m/a. The reason for choosing basis vector increments of 2n/a rather than 1/a will soon become clear as

we analyze a vibrational wave propagating through our one-dimensional lattice.
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Figure 3: Real and reciprocal lattices of a linear monatomic crystal.

Let’s consider a phonon propagating through our hypothetical linear monatomic lattice. Without providing the
derivation, It is stated that there is one solution for a wave traveling either to the right or left in a linear monatomic

lattice. The angular frequency (o) of that traveling wave or phonon is given by
w= :2(%)1& Sin% [2]

where f'is the vibrational force constant, m is the atomic mass, k is the phonon wave vector, and a is the distance
between the atoms. A plot of ® as a function of wave vector k is known as the phonon dispersion curve and is
shown in Figure 4. The dispersion curve is repeating and reaches a maximum value of ® when k is equal to +m/a
because of the sine function in equation 2. Furthermore, the dispersion curve for a linear monatomic lattice is
symmetric about the center value of 0 and is repeating beyond +mn/a. Therefore, we call the region between -m/a
and +n/a in a linear monatomic lattice the first Brillouin zone and a k value of 0 is the Brillouin zone center. An
important concept to grasp here is that because k is inversely related to A, the longer the phonon wavelength is the

closer it will be to the Brillouin zone center in the phonon dispersion curve.
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Figure 4: Phonon dispersion curve for a linear monatomic lattice.

The Brillouin Zone and Conservation of Wave Vector

Though the real world of crystals is not one-dimensional but is three-dimensional. A detailed description of the
construction of the Brillouin zone for a three-dimensional crystal lattice is beyond the scope of this article. That
would involve a mathematical description of the construction of the reciprocal lattice from the real lattice (also
called a direct lattice) and the subsequent construction of the Wigner-Seitz lattice from the reciprocal lattice. A

helpful description of the construction of three-dimensional reciprocal lattices, Wigner-Seitz lattices and Brillouin
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zones is given in the excellent book by Richard Tilley (4). Yet, we can describe one example to give you a sense
of how the construction of a Brillouin zone is accomplished. Consider a face-centered cubic Bravais F crystal
lattice in real space. The first step is to construct the reciprocal lattice of the face-centered cubic F crystal.
Following the mathematical procedure for doing so produces a body-centered cubic I lattice. The next step is to
construct a Wigner-Seitz cell from the body-centered I reciprocal lattice, thereby generating a truncated
octahedron. The Wigner-Seitz truncated octahedron is the shape of the first Brillouin zone of the real face-centered
cubic F lattice. Depictions of the face-centered cubic F unit cell and its corresponding first Brillouin zone are
shown at the bottom of Figure 6. The first Brillouin zones of a simple cubic lattice and a body centered cubic I
lattice are also shown in Figure 6. The significance of depicting the three-dimensional Brillouin zone is that we
have just made the leap from one-dimensional to three-dimensional reciprocal space, which prepares us for the
typical phonon dispersion curves found in the literature. Phonon dispersion curves generally plot the frequency of
the phonon from the Brillouin zone center to the various crystal faces and points within the first Brillouin zone.
You can find examples of the phonon dispersion curves and corresponding phonon density of states plots of various

solids in the companion video lecture to this installment on YouTube (2).

Crystallographic unit cell First Brillouin zone
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Figure 6: Real lattices of cubic crystals and their corresponding first Brillouin zones.

Having developed our understanding of the Brillouin zone and its basis in reciprocal space, we relate it to the wave
vector in Raman scattering from a crystalline solid. Energy, wave vector, and momentum are conserved in the
Raman scattering process involving real crystals, which are anharmonic. Therefore, the incident radiation transmits
momentum to the crystal through the creation of a lattice vibrational wave or phonon. The momentum of the
incident photon is equal to A§k; and that of the newly created phonon is equal to A§q, where A§ is Planck’s
constant divided by 2r and ki and q are the wave vectors of the incident photon and phonon, respectively. A wave
vector diagram of Raman scattering in a crystal is shown in Figure 7. The conservation of the wave vector is
implicit in the diagram, which shows the dependence of the direction at which the Raman scattered light is
collected on the direction of phonon propagation. Of course, Raman scattering occurs in all directions. However,
the angle with respect to the incident light at which one collects the Raman signal determines the propagation

direction of the phonon that is being sampled. The angle of phonon propagation is one-half that of the angle at
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which Raman scattering is collected. This relationship is important because in some uniaxial and biaxial crystals
the energies of certain phonons can vary depending upon the direction of phonon propagation in the crystal lattice.
Practically, that means that the Raman band position can vary depending upon the orientation of a single crystal
with respect to the direction and polarization of the incident light and the angle at which the Raman scattered light
is collected. This phenomenon is known as phonon directional dispersion, and the variation of Raman band

position is quite significant in some ferroelectric metal oxides.

k=k +q

Photon

Photon

Figure 7: Raman scattering and conservation of wave vector in a crystal. The wave vector of the phonon is given

by q and those of the incident and Raman scattered photons are given by ki and ks, respectively.

Creating a vector diagram for the wave vector equation shown in Figure 7 and solving for q gives us the

expression

g*=k’+ k?—2kk cosf [3]

Where k; and ks are the wave vectors of the incident photon and the Raman scattered photon, respectively. Raman
scattering 1s generally performed with visible laser light. Assuming incident blue-green laser light of approximately
20,000 cm™!, a phonon of several hundred wavenumbers, and a Raman scattered photon also in the visible region,
we make the approximation that ki = ks. Consequently, equation 3 yields q = 2k; for the 180° backscattering
configuration. Substituting 27/A for k; given by equation 1 yields

22w _ 4w = 4m¥ [4]

Where c is the speed of light and A, v, and are the wavelength, frequency and wavenumber of the incident
laser light, respectively. Applying the laser light wavenumber of approximately 20,000 cm™ in equation 4, we

obtain a value for the phonon wave vector of

q=2k = 47(20,000 cm) = 2.5 % 10°em”’ [5]

Now here 1s where we make the connection between the wave vector of the phonon to the Brillouin zone of

the crystal through which it is propagating. We calculate the k value at the Brillouin zone edge (BZE), which is
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m/a (see Figure 3), where a is equal to the real lattice spacing. Let us assume a lattice spacing of 3 A =3 x 10® cm

so that

W

p o TET T  C)

Conclusion:

That is a difference of three orders of magnitude between the k value of the Brillouin zone edge and the wave
vector of the phonon that we generate because of the wavelength of the laser light in our measurement. Therefore,
only the Raman scattering from phonons of a very long wavelength, equal to several thousand atomic spacings,
and small k value near the Brillouin zone center out to 2.5 x 10° cm™ will be probed because of the requirement
that wave vector and momentum be conserved. Furthermore, the slope of the phonon dispersion curve at the
Brillouin zone center is close to 0 and the frequency ® of the phonon does not vary much in that region. It is this
restriction of sampling only those phonons near the Brillouin zone center that results in the Raman bands from

crystalline solids being so narrow.
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