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CRYSTAL POLYMORPHS
X-ray Diffraction Study of Tetragonal — Cubic Transition
in Lead Titanate

OBJECTIVES

. Understand polymorphism and confirm the main polymorphic forms of lead
titanate (lead titanium oxide)

. Determine the transition temperature at which the tetragonal phase of lead
titanate converges to a cubic phase

. Understand thermal expansion coefficients. Confirm that lead titanate
possesses a negative thermal expansion coefficient

. Understand the perovskite structure, and review how this structure can lead
to ferroelectric and piezoelectric behavior

. Understand X-ray diffraction and diffractometers

BACKGROUND

POLYMORPHIC FORMS Of LEAD TITANATE

Two crystals of identical composition but of different crystallographic nature are
called polymorphs [1]. For example, diamond and graphite are polymorphic forms of
carbon, in which carbon atoms are bonded differently resulting in different crystal
structures for diamond and graphite.

There are two general families of transformations that can drive the
transformation between one polymorph to another.

The first type of transformation is the displacive one, in which no element
changes its first coordination shell. These transformations are the least structurally
demanding. The second type of transformation is called reconstructive, it requires a
change in the coordination (i.e. the bonding) of at least one component of the crystal.

(see figure 1).
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Figure 1: Schematic representation of possible transformations between polymorphic
forms of a generic crystal. The transformations between (a) and (b) or (c) are displacive,
while the transformation between (a) and (d) is reconstructive. (Picture taken from
reference [1])

Lead Titanate (PbTiOs) is a ceramic material of the family of perorvskites. [2]
These are ternary compounds of the general formula ABO3 where the two cations (A
and B) differ considerably in size. The unit cell of perovskites is illustrated in figure 2 for
the case of BaTiOs. It should be noticed that no sub-Ilattice (e.g. the lattice formed by Ti
atoms) is closed packed, but the sub-lattice formed by the Barium and the Oxygen
atoms (fig. 2a) is an FCC lattice. In the center of the unit cell there is a Ti atom. One of
the driving forces that leads to the formation of this unique arrangement is the formation
of 6 octaheadral bonds between the Ti atom and 6 oxygen atoms surrounding it. These
bonds are not purely ionic, in fact they have been known to be partially covalent.[3] The
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Figure 2: Schematic drawing of BaTiO3 unit cell (A) and crystallographic arrangement
(B). This is a good example of a perovskite. Lead titanate is also a perovskite.

(Picture taken from reference [2])

Perovskites are among the many crystals that can exist in different crystalline
forms. Lead Titanate, like many other perovskites, has two main polymorphic forms.
The first, stable at lower temperatures, is a tetragonal cell in which the titanium atom is
not in the exact center of the cubic cell defined by the oxygen and lead atoms (see
figure 3). The second, stable at higher temperatures, has a cubic cell in which the

Titanium atom is exactly in the center of the cubic cell.
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Figure by MIT OCW.

Figure 3. Schematic representation of the ion position in a tetragonal BaTiO3 cell. The
Tiion is elevated 0.12 A respect to the center of the cell. (Figure adopted from

reference [2])

In the case of perovskites polymorphic transformation are responsible for changes in a
large number of properties. First of all, while the cubic cell is centrosymmetric the
tetragonal is not. The cubic unit cell has no net dipole; on the other end (as illustrated in
figure 3) in the tetragonal cell, the center of gravity for the negative ions is in the center
of the cubic cell while the center of gravity for the positive ions is close to the titanium
atom. Hence, the tetragonal cell has a finite dipole. The presence of this dipole is
responsible for the ferroelectric and piezoelectric properties of lead titanate. The
transition temperature where piezoelectricity is lost (that is the temperature where the
tetragonal polymorph converts into the cubic one) is called the Curie temperature. In the
case of lead titanate that temperature is 490°C.[4,5]

Lead titanate has another very interesting and unique property, it possesses a
negative thermal expansion coefficient. That is, it contracts as temperature increases
from 0°C to 490°C. Typically, materials expand as temperature increases. This is due to
the anharmonicity of the bond energy as illustrated in figure 4. This leads to a positive

expansion coefficient.
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Figure 4 Leonard-Jones energy plot for a typical bond. Due to the anharmonic of shape
of the curve as the temperature increases the equilibrium distance for the bond

increases as indicated by the dotted line. Figure adopted from reference [6]
In the case of lead titanate the cell contracts with temperature (figure 5). This

probably happens because as temperature raises there is more space for the central

titanium atom to find a more central position.
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Figure 5 Temperature dependence of lattice parameters for PbTiO3 derived from

temperature X-ray diffraction studies in reference [4]. Also see reference 5.



THEORY:
X-ray Diffraction from Crystalline Materials [7]

As discussed in 3.012, a periodic arrangement of atoms will give rise to
constructive interference of scattered radiation having a wavelength A comparable to the

periodicity d when Bragg's law is satisfied:
nA =2dsiné

where n is an integer and 6 is the angle of incidence.

Bragg's law tells us necessary conditions for diffraction, but provides no
information regarding peak intensities. To use x-ray diffraction as a tool for materials
identification, we must understand the relationship between structure/chemistry and the
intensity of diffracted x-rays.

Recall from 3.012 class that for a 1d array of atoms, the condition for constructive

interference can be determined as follows:

unit vector of _
diffracted beam S

X
=R
Y So

X =acosv unit vector of
y =acos u incident beam

The total path difference: X—Y =acC0Sv —acos u = hA

(5-5)a-na
. (s- ég)
Defining S = T the condition for 1d constructive interference becomes:
s-a=h
For 3 dimensions, we have: s-a=h
s-b=k
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where h, k and | are the Miller indices of the scattering plane.

For a single unit cell having M atoms, the scattered amplitude is proportional to the
structure factor, defined as:

F(s) = i f exp [Znig-a]

n=1
where r_is the atomic position vector for the nth atom in the unit cell:

rh=x.a+yb+zc

where (Xn, Yn, Zn) are the atomic position coordinates.
Example: for a BCC structure, there are 2 atoms/cell at (0,0,0) and (1/2,1/2,1/2).

The parmater f, is the atomic scattering factor, proportional to the atomic number Z of
the nth atom. Hence, atoms of high Z scatter more strongly than light elements. The

atomic scattering factor is a function of 6 and A.
A

sinB/A
>

Substituting I'n into the structure factor:



F(s) = é f exp [2m§-(xna+ y b+ an)]

Fog = i f eXp[Zni(th +Ky, + IZn)]

For a BCC crystal:

F.. = fexp[27i(0) ]+ f exp = f + fexp[ai(h+k+1)]

(h k |
27| —+—+—
(2 2 2)

Fhkl =2f h+k+l even

Fhkl =0 h+k+l odd

The scattered intensity is related to the structure factor:

|, « FF = ‘Fhkl‘z =4f° h+k+l even

COl

I =0 h+k+l odd

Note that the total coherent intensity will be a sum of the contributions of all unit cells in
the crystal. For a BCC crystal, reflections from planes with Miller indices where h+k+l is
an odd integer will be absent from the diffraction pattern, while reflections from (110),
(200), (211), etc. will be present with reduced intensity as h+k+l increases.
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In our hypothetical case above, constructive interference occurs only at the exact
Bragg angle and the | vs. 26 curve exhibits sharp lines of intensity. In reality, diffraction
peaks exhibit finite breadth, due both to instrumental and material effects. An important
source of line broadening in polycrystalline materials is finite crystal size. In crystals of
finite dimensions, there is incomplete destructive interference of waves scattered from
angles slightly deviating from the Bragg angle. If we define the angular width of a peak
as:

B= %(2@1 - 26,)

then the average crystal size can be estimated from the Scherrer formula as:

094
Bcos6,

Interplanar spacings can be calculated for different hkl planes from geometric

relationships for a given crystal system:

h? +k* +1?
Cubic: 1/dz =
a

Orthorhombic: 1/d° = g"‘_"'_z

, h+k? I?
Tetragonal: 1/d® = 2 +—

4

Hexagonal: 1/dz = —(

h? + hk +k? |2
3

a’ c?

h*>  kZsin® +£_ 2hl cos 8

1
Monoclinic: 1/dz = — T 2 2
a b C ac

sin’ B



OPEN QUESTIONS

1) Why does a diffraction pattern change with temperature?

2) Why does the diffraction pattern contain information about the materials volume?

3) What is the difference between a 002 and a 200 peak in a tetragonal cell?

MATERIALS:

Lead Titanate / Lead Titanium Oxide, PbTiO3 (325 mesh powder) Alfa Aesar
Purity: 99.5%

Density: 7.520 g/ cm3
Formula Mass: 303.09 g

METHOD:
High Temperature X-ray Diffraction (HTXRD) or In-situ, Non-ambient X-ray Diffraction

INSTRUMENT: PANanalytical X'pert PRO MPD, X-ray Diffractometer

and X'Pert Data Collector software

PROCEDURE:

=

wn

Fill the ceramic cup with the PbTiO3 powder. Ensure a flat surface

Place the cup on the sample holder and secure with the ceramic holding ring
Mount the sample holder on the hot stage of the X-ray unit, and connect the
thermocouple

Collect data (Intensity vs. 260) at room temperature (RT), 400 C, 530 C

and at RT (on cooling)

SCAN CONDITIONS:
Program type: ABSOLUTE TYPE

0j = 19.993°
0f = 60.000°
Step size = 0.0167°

Scan speed = 0.139261 (°/s)
Time per scan at a given ‘T' =5 min 5 sec

[Note: A data set pre-collected at a wide range of temperature will be provided to you for
complete analysis]
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ANALYSIS: Using the MDI JADE 7 X-ray analysis routine

1. Confirm the crystal structure for PbTiO3 at room temperature (RT), 400 C and
530 C.

2. Confirm the phase transition. Identify the phase transition temperature (Curie
temperature).

3. Calculate the lattice parameters from the x-ray profile collected over a wide range
of temperature. Plot a graph of Cell Parameters as a function of Temperature.

4. Calculate the cell volume from the parameters obtained in Q.3. Plot a graph of

Cell Volume vs. T. Confirm that PbTiO3 has a negative thermal expansion
coefficient.
Calculate the thermal expansion coefficient of Lead Titanate

Compare your results with literature values, and include error analysis where

relevant.
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background information on lead titanate and x-ray diffraction (3.014 lab notes by Prof.
Francesco Stellacci, Fall 2005, with minor modifications)

References

[1] W. D. Kingery, H. K. Bowen, D. R. Uhlmann, Introduction to Ceramics, John Wiley &
Sons: New York, 1997, pp. 81 87.

[2] Perovskite Structure extract for Y.-M. Chang, D. P. Birnie, W. D. Kingery, Physical
Ceramics, John Wiley & Sons: New York, 1997, pp. 38, 41

[3] D. Vanderbilt, “First-principles based modelling of ferroelectrics”, Current Opinion In
Solid State & Materials Science 2,701-705, 1997

[4] J. Chen, X. Xing, R. Yu, and G. Liu “Thermal Expansion Properties of Lanthanum-
Substituted Lead Titanate Ceramics”, J. Am. Ceram. Soc., 88, 1356-1358, 2005.

[5] G. Shirane, S. Hoshino and K. Suzuki, “X-ray Study of the Phase Transition in Lead
Titanate, Physical Review, 80, 6 , 1105, 1950

[6] G D. Barrera, J. A.O. Bruno, T. H. K. Barron, and N L Allan “Negative thermal
expansion” J. Phys.: Condens. Matter, 17, R217-R252, 2005

11



[7] B.D. Cullity, Elements of X-ray Diffraction, 2" ed., Addison-Wesley: Reading, MA,
1978, pp. 111-126.

12



