
®®

ELECTRONICALLY REPRINTED FROM OCTOBER 2014

Fran Adar

Metal oxides often occur in crystals where there are no molecular units. In contrast to Raman analy-
sis of organic compounds in which there are molecular vibrating units with functional subunits, 
many of whose vibrations are isolated from the remainder of the molecule, the analysis of spectra 
of oxides requires understanding how atoms move in crystal lattices. These oxides occur in diverse 
materials such as paint and ceramic pigments, corrosion films, catalysts, and minerals. This column 
installment attempts to introduce analysts who often work with organic materials to the concepts 
that need to be understood in analyzing these materials.  

Raman Spectra of Metal Oxides
Molecular Spectroscopy Workbench

T he distinction between the vibrational analysis 
of an organic molecule, which can occur in a 
crystalline lattice, and that of a metal oxide, 

which normally occurs only in a crystalline lattice 
without a clearly defined molecular functional group, 
is an important one. The analysis of atomic motion is 
described by a field called lattice dynamics; the unit 
cell of the crystalline form is defined and the motion 
of each atom in the unit cell is determined by solv-
ing the potential energy function of the lattice, which 
is the sum of all pairwise potential energies between 
each pair of atoms. To solve the equation, the sum 
is performed only over neighboring atoms (that is, 
in the unit cell) because the electric fields of distant 
atoms are assumed to be screened. In addition, the 
potentials are assumed to be harmonic, which will 
be true if the motion is small compared to the inter-
atomic spacings. Another assumption is that the elec-
tronic motion can be separated from the atomic mo-
tion because, being much less massive, the electrons 

move much faster than the atoms. This is called the 
adiabatic or Born-Oppenheimer approximation.  

An important concept in the description of the mo-
tion of atoms in crystals (phonons) is the symmetry 
of the lattice. Group theory enables one to classify a 
crystal lattice according to what geometrical opera-
tions in space leave the lattice unchanged; if there is 
hexagonal symmetry, for example, and the lattice is 
rotated by 60°, the lattice will not have been changed. 
When the phonons are worked out, they will have 
symmetries consistent with the lattice symmetry. If 
a phonon leaves the lattice symmetry unchanged, it 
is described as being symmetric. However, a phonon 
can distort the lattice in a way that is consistent with 
its character; this type of phonon can be described by 
one of the “irreducible representations” of the point 
group of the lattice. Clearly, this short column cannot 
cover lattice dynamics, but if readers are sufficiently 
interested they can take a look at numerous texts that 
are available (1,2). In addition, two of David Tuschel’s 



recent installments of “Molecular 
Spectroscopy Workbench” con-
sidered some of these concepts in 
more detail (3,4).  

For analysts who need informa-
tion on this class of materials, I can 
recommend a text by Ross (5) that 
may be difficult to locate, and a 
more recent text from the European 
Mineralogical Union (6). There 
are also emerging resources on the 
web such as the RRUFF data base 
(7) and the Romanian Data Base of 
Raman Spectroscopy (8).  

Before going on, I want to add 
some remarks on amorphous oxides 
and “soft modes.” Metal oxides do 
not always occur in a crystalline 
form. When in an amorphous state, 
the Raman bands are quite broad, but 
often can be derived from one of the 
crystalline forms of the same mate-
rial. In fact, in the case of ceramics, 
the transition from the amorphous 
to crystalline form (devitrification) 
can be an important phenomenon 
in terms of the performance of the 
ceramic. The assumption is that in 
the amorphous form there is a dis-
tortion of interatomic bond angles. 
Long-range order is lost, but nearest-
neighbor interactions are affected 
so as to shift a particular vibrational 
frequency; because there is a popula-
tion of such distortions, the observed 
band will be broad.  

There is one important case 
where atomic motion may not be 
small compared to the interatomic 
spacings. There are cases where 
there can be a (crystalline) phase 
transition in which the lattice 
changes symmetry. The most cited 
example is that of BaTiO3, which 
is cubic at any temperature above 
393 K, but is tetragonal at lower 
temperatures. In the cubic phase, 
every atom sits on a center of sym-
metry, but in the tetragonal form 
the Ti atom in the center of the 
unit cell is displaced in one of the 
cubic directions and the octahedral 
cluster of O atoms are displaced in 
the opposite direction. It turns out 
that there is a normal mode that, if 
frozen, exactly induces this change. 
When one follows this mode as a 
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Figure 1: BaTiO3 in the distorted tetragonal phase. Adapted with permission from reference 9. 
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Figure 2: Raman spectra of crystalline anatase (top) and rutile (bottom), two forms of TiO2.
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Figure 3: Raman spectra of the tetragonal (top) and monoclinic (bottom) phases of ZrO2.



function of temperature, its fre-
quency is observed to go lower as 
the atoms in the lattice move to-
ward their new coordinates. Figure 
1, adapted from reference 9, shows 
the unit cell of BaTiO3 in the dis-
torted tetragonal phase. 

The Oxide Lattice
Metal oxides occur in crystals in which 
the O-2 anions are often in close-
packed sites and the metal cations fit 
into tetrahedral or octahedral sites, 
with two tetrahedral sites per O-2 ion 
and one octahedral site per O-2. To a 

large extent, this follows from the fact 
that the ionic radii of anions are signif-
icantly larger than that of the cations. 
In fact, relatively simple geometric 
arguments based on ionic radii enable 
predicting whether a particular anion 
will occupy tetrahedral or octahedral 
sites (10). Of course, the stoichiometry 
of the oxide will determine how many 
metal cations will be present and de-
tails regarding the electronic states 
will play a role determining the overall 
symmetry of the lattice.

But the structure for a particular 
oxide is often not unique. A common 

example is TiO2, a white pigment that 
is found in paper, polymers, and paints, 
and as photoreactive coatings on glass. 
TiO2 occurs in two common forms 
known as anatase and rutile, as well as 
a form known as brookite that some-
times occurs in minerals. As shown in 
Figure 2, the Raman spectra of these 
forms are quite different from each 
other. Aside from the limited intensity 
in the low 140 cm-1 region in the spec-
trum of rutile that overlaps with the 
strong band in anatase, these spectra 
would not be suspected as originating 
from the same chemical entities.  

Another metal oxide that has mul-
tiple forms is ZrO2. The normal stable 
room temperature phase is cubic, 
which is not Raman active because 
every atom sits on a symmetry site. 
However, for chemical or physical rea-
sons a ceramics engineer might want 
to create a powder or compacted part 
with one of the other two phases. ZrO2 
can be stabilized in the tetragonal or 
monoclinic phases by alloying with a 
small amount of CaO or Y2O3. Figure 3 
shows the spectra of the tetragonal and 
monoclinic phases of ZrO2. 

Some years ago Professor Wil-
liam Wright of Penn State University 
described to me the phenomenon of 
topotaxy (11), which could be quite 
interesting, although I have never 
observed it. In this case, in a system 
like that of ZrO2 or TiO2, which both 
have two or more crystal phases, it is 
possible for the two phases to exist 
simultaneously in a continuous “crys-
tal.” In this case, there are specific 
crystal planes where the atomic place-
ments are the same for the two phases, 
and this is what enables one phase to 
“grow” out of the other.  

Another phenomenon that is some-
times observed in oxide powders is the 
effect of particle size. There is often 
an interest in engineering materials 
of particular dimensions, especially 
with the current activities in nano-
technology. When the dimensions of 
crystals get small enough, the phonons 
experience “quantum confinement.” 
Because the crystals are so small, the 
normal assumption of translational 
symmetry does not apply. When this 
happens, the phonon wavevector is no 
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Figure 4: Hypothetical dispersion of acoustic and optic phonons in a lattice with two atoms in the 
unit cell (for example, silicon).
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Figure 5: Raman spectra of crystalline (top) and amorphous (bottom) silicon as well as two 
samples with the crystalline silicon peak down-shifting because of particle size (middle two 
spectra), with evidence for a mixture with the amorphous phase in the spectrum second from 
the bottom.



longer constrained at 0; that is, there is 
uncertainty in the value of the scatter-
ing wavevector. Raman scattering has 
contributions away from the center of 
the Brillouin zone.  

The concept of the wavevector has 
not yet been introduced in this col-
umn. The phonon wavevector describes 
how the vibration propagates through 
the crystal. As a result of translational 
symmetry, there has to be wavevec-
tor conservation. That means that the 
difference between the wavevectors 
of the incident and scattered light in 
the crystal has to be transferred to 
the phonon. For crystals larger than 
1 μm, this difference will always be 
much smaller than the dimension of 
the Brillouin zone, which scales as the 
reciprocal of the lattice constant. That 
is why you may hear it said that Raman 
scattering in crystals always occurs at 
the Brillouin zone center. When the 
crystal becomes much smaller than 1 
μm, there is uncertainty in the phonon 
wavevector because the mean free path 
of the phonon is larger than the nano-
crystal’s dimensions. So, there will be 
contributions to the Raman scattering 
from phonons away from the center of 
the Brillouin zone. In most crystalline 
systems, the phonon energy decreases 
with the phonon wavevector so one 
tends to observe the Raman frequency 
decrease in nanocrystals; the band 
tends to be broadened and asymmetri-
cal, with a low frequency tail because 
one is observing contributions from 
particles of varying sizes. This phe-
nomenon has often been observed in 
crystal silicon that had been annealed 
from the polycrystalline state (12,13).

Figure 5 shows spectra of elemental 
silicon in various stages of crystalline 
order. Although this material is not an 
oxide, the spectra illustrate the phe-
nomena that we have been discussing. 
The bottom spectrum is that of amor-
phous silicon, the top of crystalline 
material. The strong band assigned to 
the optical phonon in the crystal at 520 
cm-1 is broadened and down-shifted 
in the amorphous material. The amor-
phous phase also shows a broad band 
centered near 150 cm-1, which can be 
assigned to scattering by phonons that 
are not restricted by symmetry argu-

ments of the crystal because there is no 
translational symmetry.  

One other curious thing can be said 
about observations in nanocrystals. It 
is possible in some instances for the 
optical phonon dispersion curve to 
curve up before it goes down, and this 
has been observed in anatase (14). In 
this case the phonon will be shifted 
up in frequency and broadened on the 
high frequency side.  

To add to the usefulness of this 
article, I will discuss the oxides of 
iron along with some related phases. 
Iron is the metal element that is used 
most prevalently for mechanical 
structure. However, it easily forms a 
surface oxide and the most common 
surface oxides (“rust”) do not stick 
to the metal. That means that the 
metal continues to oxidize, reduc-
ing the metal content continuously. 
For uses that can support additional 
cost, the metal is alloyed with addi-
tional metals, especially chromium, 
which has the benefit of “passivat-
ing” the surface. That means that a 
layer of Cr2O3 forms on the surface 
and sticks. Figure 6 shows the spec-
tra of four common oxides of iron as 
well as Al2O3 and Cr2O3. Hematite, 
Fe2O3, is the common form of rust. 
When it is highly crystalline, the peak 
near 225 cm-1 sharpens and splits. 

Magnetite, Fe3O4, crystallizes in the 
spinel form, which can accommodate 
a range of metals in solid solution, 
especially transition metals; it is eas-
ily distinguishable from hematite, but 
its spectrum is generally weaker and 
the bands are broader and they will 
be shifted when it occurs as a solid 
solution. A third oxide, FeO, crys-
tallizes in the rock salt structure in 
which every atom sits on a site of sym-
metry, and is thus Raman-inactive. 
Geothite and lepidocrocite are two 
forms of FeOOH, and they are easily 
distinguishable in their spectra. The 
spectrum of Cr2O3 was recorded from 
a powder from a bottle with no infor-
mation on elemental composition. It 
is well known that metal oxides can 
form solid solutions, so the frequen-
cies shown in this spectrum may not 
be accurate for pure Cr2O3. Note that 
Cr2O3 has a very strong photolumines-
cence doublet at 693 nm that is used 
as a strain calibrant. The spectrum 
of Al2O3 is shown because it, like 
Cr2O3, is isomorphic with Fe2O3. The 
ability to differentiate these species 
enables the use of Raman microscopy 
to aid in the elucidation of corrosion 
mechanisms. Also, because measure-
ments can be made in situ, one can 
follow corrosion in water, brine, or at 
elevated temperatures.
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Figure 6: Raman spectra of the two common iron oxides, two common iron hydroxides, Cr2O3 and 
Al2O3, which are isomorphic to Fe2O3. From top to bottom they are Cr2O3, hematite, lepidocrocite, 
goethite, magnetite, and sapphire (Al2O3).
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Metal Oxide  
Heterogeneous Catalysts
It is fairly well known that many 
heterogeneous catalysts are prepared 
by creating monolayers of defined 
transition (or other) metals on silica, 
alumina, ceria, zirconia, titania, or 
magnesia. Although there are numer-
ous groups working in this field using 
Raman spectroscopy, in conjunction 
with other techniques, to elucidate the 
catalytic reaction, I am going to cite 
the work from Lehigh University be-
cause that is what I know best (15). 

It is understood that a heterogeneous 
catalyst works by providing electronic 
sites on the surface that react with or-
ganic molecules that come into contact 
with these surfaces. In his review of the 
field in 2002, Wachs (15) described the 
surfaces as having monoxo, dioxo, and 
trioxo metal ions, and the geometry 
and electronic properties of these spe-
cies will then determine the reactivity 
of the surface.  

In that article (15), Wachs proposed 
that exchanging the oxygen on the 
surface with 18O would enable differ-
entiating the possibilities. Mono spe-
cies would show two Raman bands in 
isotopically substituted samples, dioxo 
species would show three bands, and 
so on. Thus, Raman spectroscopy has 
the ability to uniquely describe the 
surface configuration of a heteroge-
neous catalyst! However, to do this the 
catalytic surface has to be controlled 
by controlling the temperature and 
chemical state of the surface in a 
chemical reactor. Bañares and Wachs 
(15) argued that the catalytic perfor-
mance can be understood by control-
ling the temperature and chemistry 
of the environment while making 
measurements (Raman, infrared, gas 
chromatography, and so on). In par-
ticular, molecular level information 
regarding the surface metal oxides 
are revealed by Raman spectroscopy. 

In this article, Bañares and Wachs 
systematically studied the behavior 
of numerous catalysts as a function 
of temperature cycling, reduction, 
and hydration to put together a story 
about the structure and reactivity of 
the catalytic surfaces.  

In contrast to a Raman study of a 
bulk crystalline or amorphous form 
of a metal oxide in which spectral 
bands correspond to atomic motions 
representing long or mid-range order 
in the solid, in the case of catalysts, 
the Raman spectrum represents the 
structure of a surface. That means 
that without nanometer spatial resolu-
tion one can infer the geometrical or 
chemical properties of atoms at a sur-
face by interpreting the Raman spec-
trum! With this information one can 
understand the reactivity of a surface, 
and then engineer a catalytic surface 
to perform a desired task. This takes 
catalyst engineering from empirical-
try-everything to rational design.  

Summary
We have reviewed some of the major 
characteristics of Raman scatter-
ing in bulk oxides (crystalline, and 
to some extent amorphous) and in 
heterogeneous catalytic materials. 
Depending on the application, the 
spectrum can provide identifica-
tion of pigment, elucidation of a 
corrosion process or surface oxide 
treatment, characterization of amor-
phous or nanocrystalline phases, 
and characterization of heteroge-
neous catalysts in which the active 
phase is a properly prepared surface 
metal oxide.
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