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In situ observation of the ferroelectric-paraelectric phase transition in a triglycine sulfate
single crystal by variable-temperature electrostatic force microscopy
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The ferroelectric-paraelectric phase transition of triglycine sulfate single crystal was investigated by
variable-temperature electrostatic force microscopy. Near the Curie temperatureTC , the evolution of ferro-
electric domains with temperature was observedin situ. We have found that the domain structures are not
thermally reversible untilTC22 °C,T,TC , within which the domain densityN diverges reversibly via
(TC2T)2h, with h50.5460.05, larger than is predicted by mean-field theory. The spontaneous polarization
P in individual domains decreases continuously and reversibly to zero and eventually vanishes atTC . Quan-
titative analysis reveals thatP2}(TC2T).
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I. INTRODUCTION

Triglycine sulfate @TGS:~NH2CH2COOH!3H2SO4# is a
well-known ferroelectric material and is of special intere
because it is one of the few ferroelectric crystals having ty
cally a second-order phase transition~ferroelectric-
paraelectric! at its Curie pointTC ~49 °C!.1–4 Below the Cu-
rie point TGS exists as a typical uniaxial ferroelectric pha
the spontaneous polarizationP is along the crystallographic
b axis with antiparallel 180° configurations. The most inte
esting issue in a second-order phase transition is the cri
phenomena nearTC .1–4 Macroscopic measurements ha
proved that the material can be well described by Landa
mean-field theory.5,6 The critical behavior of the order pa
rameter is Landau type with the critical exponentb5 1

2 , i.e.,

P}tb ~T,TC!, ~1!

wheret5(TC2T)/TC is the reduced temperature. Anoth
interesting phenomenon in a second-order phase transiti
domain evolution with temperature. The critical behavior
the equilibrium domain densityN can be written as1–4

N}t2h ~h5 1
4 , T,TC!. ~2!

The exponenth5 1
4 has rarely been measured. By usi

nematic liquid-crystal method, Nakatani measured the te
perature dependence of domain width, which is the inve
of N, in TGS during cooling down from aboveTC .7 The
thermodynamic reversibility was not studied in Ref. 7. Fro
the data presented in Ref. 7, one can calculate thath is close
to 1 whenT is very close toTC . Similar results have also
been observed by Wanget al. in La12xNdxP5O14 ~LNPP!
single crystals,8 which exhibit a strong thermal hyteresis e
fect in domain density. However, it decreases rapidly aT
deviates fromTC . Therefore, from both experimental an
theoretical points of view, it is highly desirable to visualiz
in situ the domain evolution during the phase transition o
nanometer scale. It is also of great interest to experiment
verify the phenomenological mean-field theory at the sin
domain scale. This demands a technique with capability
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imaging ferroelectric domains with high resolution and in
environment with high-temperature stability and accuracy

Significant progress has been achieved in imaging
mains in ferroelectric single crystals and thin films by usi
various forms of scanning force microscopes~SPM’s!,9 in-
cluding conventional atomic force microscopy~AFM!,10 lat-
eral force microscopy~LFM!,11,12 and electrostatic force mi
croscopy ~EFM! in contact and noncontact mode.13–16

Recently, Hong and co-workers pointed out that EFM wo
ing in dynamic contact mode~they term it DC-EFM! has
superior domain contrast to that by noncontact EFM.17,18

There have been some observations of domain evolutio
TGS.11,13,17 However, little attention has been paid to the
modynamics. In this paper, we present a study of
ferroelectric-paraelectric phase transition of TGS by us
DC-EFM. For this purpose, we have designed a special h
ing stage with high-temperature stability and accuracy.19 By
controlling the sample temperature carefully, the tempera
dependence of domain configuration, as well as of the sp
taneous polarizationP in domains, has been studied.

II. EXPERIMENT

The experiments were carried out in a commercial AF
~Nanoscope III, Digital Instruments!. A TiN coated tip was
used. Here the basic principle of DC-EFM is introduced b
low. An ac modulationV5Vaccos(vt) was applied between
the conducting tip and the bottom electrode of the sam
The v component of electrostatic forceFe induced by the
surface charge is given by18

Fe~v!5~sbC/2«0!Vaccos~vt !, ~3!

wheresb is the bounded surface charge density, in the c
of ferroelectric domainssb5P, «0 is the dielectric constan
in vacuum, andC is the tip-sample capacitance. The EF
works in contact mode. Therefore the electrostatic force
proportional tosb and Vac. The electrostatic force is de
tected by a lock-in amplifier and imaged simultaneously w
203 ©2000 The American Physical Society



dark

204 PRB 61LUO, XIE, XU, WILSON, AND ZHAO
FIG. 1. A series of surface charge images (40340mm) on the same sample region in the course of phase transition. Bright and
regions correspond to positive and negative domains. For heating up, the temperatures are~a!: 35 °C; ~b!: 44.4 °C; ~c!: 46.5 °C; and
~d!: 48.2 °C, respectively. For cooling down,~e!: 49 °C (TC); ~f!: 48.1 °C;~g!: 47.7 °C; and~h!: 46.7 °C.
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surface morphology. From Eq.~3!, the image signalV is
proportional toP if Vac, the loading force, and other exper
mental parameters are kept constant. Therefore not only
the domain be imaged but also the spontaneous polariza
P can be quantitatively determined provided that the sys
is calibrated. The DC-EFM used in this study is similar
that described by Ref. 18. In this study,Vac andv were fixed
~2.1 V and 10 kHz! for all temperatures. Temperature sign
was either read by a multimeter or fed~through a low noise
amplifier! to one of the data channels in the Nanoscope
Therefore the temperature fluctuation during scanning ca
‘‘imaged’’ simultaneously with domain images. A 1-mm
thick single TGS crystal was cleaved perpendicularly to thb
axis without further treatment. All images presented bel
were obtained with the same tip and the same loading fo
which was estimated to be about 10 nN~not calibrated!.

III. RESULTS

At room temperature, the cleaved TGS single crystal
hibits large domains, usually larger than 50350mm. Figure
1 shows a series of domain images as the temperature
varied throughTC . Figures 1~a!–1~d! correspond to heating
and Figs. 1~e!–1~h! to cooling. All images were from the
same sample region. The initial state of this region wa
single negative domain@Fig. 1~a!#. The bright and dark area
correspond to positive and negative domains, respectively
order to carry out the experiments as close to thermal e
librium as possible, a waiting time of more than 10 min w
observed before imaging. This ensures that the domain
figuration was stable at that temperature. The sample
heated or cooled very slowly, usually at less than 0.4 °C/h
the low-temperature range and less than 0.2 °C/h when
temperature was close toTC . The temperature ‘‘image’’ was
taken as an indicator of temperature stability. The tempe
ture fluctuation was always less than 0.07 °C during imag
The absolute value ofTC was not accurately calibrated. W
define the temperature at which Fig. 1~e! was taken as cor
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responding toTC ~49 °C! since Fig. 1~e! shows the coexist-
ence of a paraelectric phase with very faint ferroelectric
mains in the central part of the image. The temperat
relative to TC was calibrated with accuracy better tha
0.05 °C. The critical size of domains is about 200 nm fro
Fig. 1~e!.

Figure 1 reveals two important microscopic features
the phase transition. Generally, the domain configuration
irreversible for heating and cooling, in terms of domain mo
phology and density~Fig. 1!. Figure 2 shows the temperatur
variation of domain wall densityN for heating and cooling.
When the sample was heated up, small domains with op
site sign nucleated homogeneously at about 40 °C, resu
in a rapid increase of domain density. At about 44 °C, sm
domains started to coalesce into large ones accompanied
decrease of domain density untilT reached about 47 °C, a

FIG. 2. Temperature variation of domain densityN ~filled
circles: heating; open circles: cooling!. Inset: double logarithm plot
of N and the reduced temperaturet. The solid line is the fit which
gives h50.5560.05. The two dashed lines representT547 and
49 °C, respectively.
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shown in Fig. 2. WhenT was further increased,N increased
drastically again untilT5TC . However, when the sample
was cooled down from aboveTC , positive and negative~P1

and P2! domains nucleated periodically and homog
neously.P1 andP2 domains grew with different speeds a
the temperature decreased. Eventually the negative dom
~in the example of Fig. 1! dominated the whole image as th
temperature was further decreased. During cooling down,
domain density decreased monotonically with decreas
temperature. Figure 2 reveals also that whenT.47 °C5TC
22 °C, N is reversible. Therefore the irreversibility of do
main density occurred whenT,TC22 °C. Double loga-
rithm N vs t plot in the inset of Fig. 2 indicatesN}t2h,
shown by the solid line, andh50.5460.05. Here only the
data within the reversible range have been taken for fittin
The measuredh is larger than the theoretical value of 0.25
The kink in theN vs t plot was also observed by Nakatani7

Second, it is also interesting to note the signal amplitu
in the domain images. As mentioned above, the image sig
~brightness and darkness of respective domains! measures
the polarizationP. In order to show this quantitatively, image
statistics were performed. Figure 3 shows the temperat
variation of average polarizationP in single domains@here
P5(uP1u1uP2u)/2# to smooth the slight random asymmetr
of P1 andP2 occurring occasionally!. As shown by Fig. 3,
P decreases continuously to zero asT approachesTC , re-
vealing the nature of second-order phase transition. Unl
the case of domain density shown in Fig. 2, hereP(T) is
reversible~within the error of experiments! throughout the
whole temperature range. The inset of Fig. 3 is theP2 vs t
plot; the straight line is calculated according to Eq.~1!. The
data are quite scattered, which could originate from a nu
ber of factors such as electronic noise, temperature fluct
tions, etc. Therefore, taking Fig. 3 as guidance, it is reas

FIG. 3. Spontaneous polarizationP vs temperatureT, inset:P2

vs t plot. The solid line is calculated by usingP25At; A is a
constant.
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able to conclude that our results have verified the mean-fi
theory experimentally at the single domain scale.

IV. DISCUSSION

By using a temperature variable EFM, not only the d
main evolution during phase transition has been directly
sualized, but also the domain densityN and polarizationP
have been obtained quantitatively. The critical behavior
the respective quantities has been studied. On the mi
scopic scale, the phase transition is characterized by
steps. Massive formation of domains with opposite polar
~this occurs at about 40 °C! and disappearance of domains
TC . In the thermally reversible regime,N}t2h, where the
measuredh50.54 is larger than the theoretical value of 0.2
One of the most crucial experimental errors is the uncerta
of TC , since this affects the fitting ofh as well asb signifi-
cantly. Actually, if TC were manually shifted by 0.5 °C in
fitting, one would obtainh50.3. However, it seems unlikely
that the error ofTC was as much as 0.5 °C in our exper
ments, otherwiseb will deviate 0.5 by a large amount. In
practice, the domain structures are easily affected by the
perimental conditions, especially by the conductivity of t
sample and environment.20,21 Since asT approachesTC , the
domain-wall energy goes to zero, any fluctuation will infl
ence the domain structure. Therefore more experiments~e.g.,
carry out the experiments in vacuum! are needed to clarify
this point. The massive nucleation of domains at 40 °C a
the irreversibility of domain structures forT,TC22 °C
agree qualitatively well with macroscopic measurements
ing the internal friction method.8,22

In conclusion, by using a temperature variable EFM,
domain evolution of triglycine sulfate single crystal durin
the ferroelectric-pyroelectric phase transition nearTC was
observedin situ and several aspects of the critical pheno
ena have been studied in detail. The domain structure is t
mally reversible only ifTC22 °C,T,TC . The equilibrium
domain density diverges via (TC2T)2h and the value of the
critical exponenth50.5560.05 has been determined~larger
than the theoretical value of 0.25!. On the single domain
scale,P2}(TC2T) is valid, therefore Landau’s mean-fiel
theory has been experimentally verified on a nanome
scale.
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