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A cryogenic experiment determining the dielectric susceptibility of the ferroelectric substance,
strontium titanate, in the 90- to 300-K temperature range is described. Evidence is presented for a
structural phase transition in strontium titanate at 110 K. The experiment is suitable for advanced
students. ©2001 American Association of Physics Teachers.
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I. INTERESTING AND UNUSUAL PROPERTIES OF
FERROELECTRICS

Ferroelectricity describes a collection of phenome
which contribute to the generation of a spontaneous elec
polarization in materials called ferroelectrics.1 Spontaneous
polarization is a result of the materials having a unique po
axis. The important point is that the direction of the spon
neous polarization can be switched by an external elec
field.

Ferroelectrics are an extremely important class of mat
als used in the electronics industry. The main interest is
the polycrystalline~ceramic! and thin film forms of the ma-
terials. These are easier to make than single crystals and
composition can be readily modified. However the physi
properties of the ceramic form are different from those of
single crystal and depend on parameters such as dop
grain size, and structural defects.2 Ferroelectrics are used a
dielectrics in ceramic capacitors and in piezoelectric devic
Exciting new possible uses for ferroelectric thin films i
clude nonvolatile memory applications and microelect
mechanical systems.3

Pray4 described a method of measuring the dielectric c
stant of thin films of the dielectric cryolite (Na3AlF6) using a
parallel plate capacitor technique and a balanced capacit
bridge. Morganet al.5 measured the pyroelectric coefficie
and spontaneous polarization of the ferroelectric triglyc
sulfate~TGS! from 25 to 30 °C and observed a phase chan
at 49 °C. Pyroelectric materials are useful as infrared li
detectors because they possess the characteristic
temperature-dependent spontaneous polarization. All fe
electric materials are pyroelectric. Ofer and Jodl6 investi-
gated the electro-optic effects of the ceramic ferroelec
known as PLZT@a modified form of Pb~Zr, Ti!O3#. The
transparency of this substance varies under the influenc
an electric field. The effect is temperature dependent. Ap
cations for this material include welding goggles and inte
sity modulation.

A ferroelectric of particular interest because of its unus
properties at low temperatures is strontium titanate, SrTi3.
SrTiO3 belongs to a family of compounds with the gene
formula ABO3, where A is a divalent ion and B is
quadrivalent ion.1 At room temperature SrTiO3 has a cubic
perovskite-type structure but at;105 K undergoes a phas
transition to a tetragonal form.7 Grupp and Goldman8 ob-
served a giant piezoelectric effect in SrTiO3 at cryogenic
966 Am. J. Phys.69 ~9!, September 2001 http://ojps.aip.or
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temperatures. Its properties at very low temperature also
clude superconductivity9 and quantum paraelectri
behavior.10

Observations of the properties of SrTiO3 have played an
important role in the development of the theory of structu
phase transitions. It was the first material for which a hi
static dielectric constant at low temperature was associ
with a low frequency~‘‘soft’’ ! optical mode.11 This gave
experimental proof of the Lyddane–Sachs–Teller relation12

Indeed, soft modes were first clearly measured in a lat
dynamics study of the SrTiO3 phase transition.13 SrTiO3 was
the first crystal in which a central peak was revealed
neutron scattering.14 Also x-ray scattering studies of th
SrTiO3 phase transition brought into existence the concep
a two-length scale behavior arising from defects and dis
cations in the crystal structure.15

The aim of this experiment is to measure the dielec
susceptibility16 of SrTiO3 at low temperature and look fo
evidence of the structural phase change.

II. DETERMINATION OF THE DIELECTRIC
SUSCEPTIBILITY

An easy way of determining the dielectric susceptibility
to measure the capacitance of a parallel plate capacitor
taining the ferroelectric substance as a dielectric.17 The
sample is a 100-oriented slice (10 mm310 mm30.27 mm)
of a single crystal of pure strontium titanate.18 Gold elec-
trodes of 6.8 mm diameter are vacuum evaporated on b
sides of the sample to form the capacitor. If vacuum eva
ration equipment is not available then 50-mm copper foil can
be attached with a thin layer of Opticlean fluid®. Silver pas
is used to attach fine enameled copper wire to the electro

For the parallel plate capacitor, the polarizationP induced
in the SrTiO3 dielectric is proportional to the applied electr
field vectorE,

P5xee0E, ~1!

where the dielectric permittivity of a vacuume058.85
310212F m21. Relation~1! is valid only for linear material
and the dielectric susceptibilityxe is a dimensionless quan
tity representing an isotropic medium with a cubic structu
Note, however, that for an anisotropic medium the dielec
susceptibility is a second-rank tensorx i j (F m21). Perkalskis
and Freeman19 demonstrated the tensor properties of ani
tropic dielectric materials to great effect using a cylindric
capacitor. The dielectric displacement vectorD represents
the total surface charge density induced in the dielectric
966g/ajp/ © 2001 American Association of Physics Teachers
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D5e0E1P. ~2!

Substituting the term forP in Eq. ~2! then

D5e0E1xee0E5~11xe!e0E. ~3!

If Q is the total charge on the parallel plate capacitor andA is
the area of the gold electrode, thenD5Q/A. Also E5V/d
whereV is the potential difference across the capacitor and
is the thickness of the SrTiO3 sample. Substituting these re
lationships forD andE in term ~3!, the following equation is
obtained:

Q

A
5~11xe!e0

V

d
. ~4!

Now the capacitanceC of the parallel plate capacitor is de
fined as the ratio of the charge on either plate to the poten
difference between the plates,C5Q/V. From this, the rela-
tionship between capacitanceC and dielectric susceptibility
xe is expressed as

C5
Q

V
5C0~11xe!, ~5!

whereC05e0A/d and is the capacitance with no dielectric20

C0 was calculated as;1 pF.
Figure 1 shows the measurement setup. The samp

mounted on a copper block inside the vacuum can of a
ostat. By evacuating the can, all air moisture is remov
Moisture solidifying on the sample when the temperature
lowered would interfere with its electrical properties.
T-type thermocouple attached to a corner of the sample
connected to a digital thermometer measures the sample
perature. Capacitance and dissipation factor tand measure-
ments are taken using a digital LCR meter with an ac
signal of 0.9-V rms amplitude and 1-kHz frequency. A te
fixture interfaces the sample leads to the LCR meter.21

After evacuating the vacuum can, the copper rod of
cryostat is immersed in liquid nitrogen to bring the tempe
ture of the sample down to;90 K. The cryostat is then
removed from the liquid nitrogen and allowed to warm u
Measurements ofC and tand are taken at frequent interva
from 90 to 300 K.

By substituting for the sample a 270-pF silvered-mica
pacitor ~61% tolerance! the stray capacitance of the lea

Fig. 1. Setup for determining dielectric susceptibility of SrTiO3.
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and test fixture can be determined. This was;80 pF in the
90- to 300-K range. The stray capacitance is subtracted from
the measured capacitance to give the corrected value.

The dielectric susceptibility is complex with a realx8 and
imaginary componentx9:

x5x82 ix9. ~6!

Equation ~5! is used to convert the measured capacitance
value to the real dielectric susceptibility. The imaginary di-
electric susceptibility is calculated from the dissipation fac-
tor, tand5x9/x8. tand is a measure of the energy lost per
cycle in the form of heat.

A plot of real and imaginary dielectric susceptibility ver-
sus temperature at 1 kHz and zero dc bias field is shown in
Fig. 2. Thex8 values compare well with those measured in
other studies.22 Dielectric spectroscopy studies of SrTiO3

showed thatx8 is almost frequency independent in the range
1023– 108 Hz at all temperatures.23 Decet al.24 clearly dem-
onstrated the scaling behavior ofx8 with respect to dc bias
field at temperatures of,65 K. This ability to modify the
dielectric susceptibility of ferroelectric materials by an ap-
plied electric field has created some excitement in micro-
wave engineering.25 Neville et al.17 observed that between
65 and 300 K,x8 is independent of applied dc field. In con-
trast, van der Berget al.26 observed field-dependent permit-
tivity for Nb-doped SrTiO3 crystals at room temperature. The
lossesx9 are very low for SrTiO3, rising from 0.5%x8 at
300 K to 0.7%x8 at ;90 K. This rise inx9 near the struc-
tural phase transition is due to dielectric relaxation and is
frequency dependent.27 Low loss is a very desirable feature
in a dielectric. High loss causes heating of the capacitor
which may lead to a destructive breakdown of the dielectric
under certain circumstances.

III. THE PHASE TRANSITION IN STRONTIUM
TITANATE

The dielectric susceptibility values for SrTiO3 can be used
to derive useful information on its low temperature phase
transition. SrTiO3, like other ferroelectrics, loses its intrinsic
polarization above a transition temperature and become
paraelectric. This involves a cubic-tetragonal phase transition
in the crystal structure. Earlier publications12 quoted a tran-
sition temperature of 110 K but more recent research has

Fig. 2. Dielectric susceptibility of SrTiO3 vs temperature.
967Matthew Trainer
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reported a value of 105 K.7 Above the transition temperature
the dielectric susceptibilityx8 follows a classical Curie–
Weiss-type law

x85
CCW

~T2T0!
, ~7!

whereCCW is a constant andT0 is the critical temperature.2

A plot of dielectric susceptibilityx8 vs 1/(T2T0) is shown
in Fig. 3. Initially T0 is estimated and then readjusted un
the best straight line is obtained using a least-squa
method. From Fig. 3, the dielectric susceptibility of th
SrTiO3 sample follows the equation

x8561.71
6.483104

~T249!
. ~8!

It is clear from Eq.~8! that there are two effects contributin
to the dielectric susceptibility: a temperature-independ
susceptibility equal to 61.7 that arises from the polarizat
of the ions themselves and a temperature-dependent co
nent described by the Curie–Weiss law. The latter is
contribution from the movement of the ions from their eq
librium position.28 Actually, in effect, relation~7! is no more
than a mean-field approximation applied to the fluctuat
local electric fields in the SrTiO3 crystal. From Fig. 3,
Curie–Weiss-type behavior is observed from 110 to 300
Below 110 K, SrTiO3 appreciably departs from the law. Th
suggests a transition temperature of;110 K. Dec et al.24

using a 110-oriented plate sample of SrTiO3 found the best
fit to the Curie–Weiss law in the temperature range 1
<T<300 K with CCW56.63104 K and T0540.5 K. The
same researchers24 observed thatx8 continued to rise to a
level of the order 23104 at 4.5 K.

There is some disagreement as to the applicability of m
field theory to SrTiO3 at temperatures below 110 K. Ther
fore it is important to establish that the behavior ofx8 at 110
K is due to a structural phase change rather than depa
from mean field theory. Near the phase transition po
many properties of ferroelectrics manifest singularities. F
example, in the ferroelectric BaTiO3 the cubic to tetragona
phase change is accompanied by a significant anomaly o
dielectric susceptibility.29 For SrTiO3 no singularity is ob-
served inx8. However, other properties, such as elastic
show significant changes at;110 K. So the Curie–Weiss
law as presented in Eq.~7! is inadequate in describing ex
perimental data over the entire temperature range and
Barrett formula and a generalized quantum Curie–Weiss

Fig. 3. Dielectric susceptibilityx8 vs 1/(T2T0).
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have been introduced to describex8 at very low
temperatures.30 In support of mean field theory, Hemberg
et al.31 demonstrated excellent agreement between m
field approximations and experimental data for 30,T
,100 K.

The phenomena associated with phase transitions
critical points are of great interest to both teachers and
searchers. The Curie–Weiss law presented in Eq.~7! is the
same form as that for the magnetic susceptibility of fer
magnetic materials. Fisher and Franz32 demonstrated a
ferromagnetic-to-paramagnetic transition in ferromagne
alloys by measurement of the critical or Curie temperatu
Indeed Mata-Mendez33 draws on the analogy between d
electric and magnetic phenomena and suggests a unified
sentation of magnetic and dielectric materials.

A method for a theoretical description of the ferroelectr
to-paraelectric phase transition is provided by the Landa
Devonshire thermodynamic approach.34 Berezin35 presented
a simple electrostatic model of structural phase transiti
between two crystallographically different structures bas
on the Coulomb law.

IV. CONCLUSIONS

The great variety of observed phenomena and pract
applications associated with ferroelectrics makes them v
attractive both for theoretical and experimental investig
tions. The experiment described here has proven to be p
lar with students and it fits in well with contemporary mat
rial physics courses.
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