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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 tempefatuthe evolution of ferro-
electric domains with temperature was obserieditu. We have found that the domain structures are not
thermally reversible untilTc—2 °C<T<T., within which the domain densiti\ diverges reversibly via
(Tec—T) 7, with »=0.54+0.05, larger than is predicted by mean-field theory. The spontaneous polarization
P in individual domains decreases continuously and reversibly to zero and eventually vaniShesCaian-
titative analysis reveals th&?«(Tc—T).

[. INTRODUCTION imaging ferroelectric domains with high resolution and in an
environment with high-temperature stability and accuracy.
Triglycine sulfate [ TGS{NH,CH,COOH3H,SO,] is a Significant progress has been achieved in imaging do-
well-known ferroelectric material and is of special interestmains in ferroelectric single crystals and thin films by using
because it is one of the few ferroelectric crystals having typivarious forms of scanning force microscopg&PM’s),? in-
cally a second-order phase transitiofferroelectric- cluding conventional atomic force microscopyFM),*° lat-
paraelectrig at its Curie poinfT. (49 °C).1~* Below the Cu-  eral force microscopyLFM),***2and electrostatic force mi-
rie point TGS exists as a typical uniaxial ferroelectric phasegroscopy (EFM) in contact and noncontact modE16
the spontaneous polarizati¢his along the crystallographic Recently, Hong and co-workers pointed out that EFM work-
b axis with antiparallel 180° configurations. The most inter-ing in dynamic contact modéhey term it DC-EFM has
esting issue in a second-order phase transition is the criticsuperior domain contrast to that by noncontact EFN.
phenomena neaf .1~ Macroscopic measurements have There have been some observations of domain evolution in
proved that the material can be well described by Landau'dGS* '3 However, little attention has been paid to ther-
mean-field theory:® The critical behavior of the order pa- modynamics. In this paper, we present a study of the
rameter is Landau type with the critical expongnt 3, i.e.,  ferroelectric-paraelectric phase transition of TGS by using
DC-EFM. For this purpose, we have designed a special heat-
Poxrf (T<Te), (1)  ing stage with high-temperature stability and accurddgy
controlling the sample temperature carefully, the temperature
dependence of domain configuration, as well as of the spon-
{&neous polarizatioR in domains, has been studied.

where r=(T-—T)/T is the reduced temperature. Another
interesting phenomenon in a second-order phase transition
domain evolution with temperature. The critical behavior of
the equilibrium domain densiti can be written ds*

Il. EXPERIMENT
Necr™ 7 (p=3%, T<Tc). (2

N ) The experiments were carried out in a commercial AFM
The exponentp=3 has rarely been measured. By using (Nanoscope I, Digital InstrumentsA TiN coated tip was
nematic liquid-crystal method, Nakatani measured the temyged. Here the basic principle of DC-EFM is introduced be-
perature dependence of domain width, which is tr71e iNVersgw. An ac modulatiorV=V,.cost) was applied between
of N, in TGS during cooling down from abovéc." The  the conducting tip and the bottom electrode of the sample.
thermodynamic reversibility was not studied in Ref. 7. Fromype component of electrostatic forde, induced by the
the data presented in Ref. 7, one can calculateshatclose g face charge is given By ¢

to 1 whenT is very close toT¢. Similar results have also

been observed by Wanet al. in La;_,Nd,P;0;, (LNPP)

single crystal§ which exhibit a strong thermal hyteresis ef- Fe(w)=(01,Cl280)VacCOq wt), ©)

fect in domain density. However, it decreases rapidlyTas

deviates fromT.. Therefore, from both experimental and whereoy, is the bounded surface charge density, in the case
theoretical points of view, it is highly desirable to visualize of ferroelectric domaing,= P, ¢ is the dielectric constant

in situ the domain evolution during the phase transition on an vacuum, andC is the tip-sample capacitance. The EFM
nanometer scale. It is also of great interest to experimentallyworks in contact mode. Therefore the electrostatic force is
verify the phenomenological mean-field theory at the singleproportional too, and V,.. The electrostatic force is de-
domain scale. This demands a technique with capability ofected by a lock-in amplifier and imaged simultaneously with
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FIG. 1. A series of surface charge images X4 xm) on the same sample region in the course of phase transition. Bright and dark
regions correspond to positive and negative domains. For heating up, the temperatuegs @88 °C; (b): 44.4°C;(c): 46.5°C; and
(d): 48.2°C, respectively. For cooling dow(e): 49°C (T¢); (f): 48.1°C;(g): 47.7°C; andh): 46.7°C.

surface morphology. From Ed3), the image signaV is  responding tol ¢ (49 °C) since Fig. 1e) shows the coexist-
proportional toP if V,, the loading force, and other experi- ence of a paraelectric phase with very faint ferroelectric do-
mental parameters are kept constant. Therefore not only canains in the central part of the image. The temperature
the domain be imaged but also the spontaneous polarizatioelative to T was calibrated with accuracy better than
P can be quantitatively determined provided that the systen®.05 °C. The critical size of domains is about 200 nm from
is calibrated. The DC-EFM used in this study is similar to Fig. 1(e).

that described by Ref. 18. In this stud¥,. andw were fixed Figure 1 reveals two important microscopic features of
(2.1 V and 10 kHg for all temperatures. Temperature signal the phase transition. Generally, the domain configuration is
was either read by a multimeter or féthrough a low noise irreversible for heating and cooling, in terms of domain mor-
amplifien to one of the data channels in the Nanoscope lll.phology and densityFig. 1). Figure 2 shows the temperature
Therefore the temperature fluctuation during scanning can beariation of domain wall densitil for heating and cooling.
“imaged” simultaneously with domain images. A 1-mm When the sample was heated up, small domains with oppo-
thick single TGS crystal was cleaved perpendicularly toithe site sign nucleated homogeneously at about 40 °C, resulting
axis without further treatment. All images presented belowin a rapid increase of domain density. At about 44 °C, small
were obtained with the same tip and the same loading forc&lomains started to coalesce into large ones accompanied by a
which was estimated to be about 10 bt calibratedl decrease of domain density uniilreached about 47 °C, as

4

Ill. RESULTS

At room temperature, the cleaved TGS single crystal ex-
hibits large domains, usually larger than>680 um. Figure \
1 shows a series of domain images as the temperature was =T #
varied throughT . Figures 1a)—1(d) correspond to heating 5:
and Figs. 1e)-1(h) to cooling. All images were from the 0.1 . Qe
same sample region. The initial state of this region was a 0.001 001 01 1
single negative domaiffFig. 1(a)]. The bright and dark areas T ;
correspond to positive and negative domains, respectively. In i

N (1/um)
N

order to carry out the experiments as close to thermal equi- ﬂﬁg :

librium as possible, a waiting time of more than 10 min was & i;.!@

observed before imaging. This ensures that the domain con- ole % 0 O 07 : |
figuration was stable at that temperature. The sample was 40 42 44 46 48 50

heated or cooled very slowly, usually at less than 0.4 °C/h in
the low-temperature range and less than 0.2 °C/h when the

temperature was close .. The temperature “image” was FIG. 2. Temperature variation of domain density (filled
taken as an indicator of temperature stability. The temperacircles: heating; open circles: coolindnset: double logarithm plot
ture fluctuation was always less than 0.07 °C during imagingef N and the reduced temperatureThe solid line is the fit which
The absolute value of - was not accurately calibrated. We gives =0.55+0.05. The two dashed lines represd@nt 47 and
define the temperature at which Figellwas taken as cor- 49 °C, respectively.

Temperature (°C)
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7 N able to conclude that our results have verified the mean-field
theory experimentally at the single domain scale.

® heating
o cooling .

IV. DISCUSSION

By using a temperature variable EFM, not only the do-
main evolution during phase transition has been directly vi-
sualized, but also the domain densityand polarizationP
have been obtained quantitatively. The critical behavior of
the respective quantities has been studied. On the micro-
scopic scale, the phase transition is characterized by two
steps. Massive formation of domains with opposite polarity
(this occurs at about 40 9@nd disappearance of domains at
30 35 40 45 50 Tc. In the thermally reversible regim®&o 77, where the
measuredy=0.54 is larger than the theoretical value of 0.25.
One of the most crucial experimental errors is the uncertainty

FIG. 3. Spontaneous polarizatiéhvs temperaturd’, inset:P? ~ Of T, since this affects the fitting of as well asg signifi-
vs 7 plot. The solid line is calculated by usif@®>=Ar; Ais a  cantly. Actually, if Tc were manually shifted by 0.5°C in
constant. fitting, one would obtainy=0.3. However, it seems unlikely

that the error ofTc was as much as 0.5°C in our experi-
shown in Fig. 2. WheT was further increasedy increased ments, otherwises will deviate 0.5 by a large amount. In
drastically again untiT=T.. However, when the sample practice, the domain structures are easily affected by the ex-
was cooled down from abovE:, positive and negativeP , perimental conditions, especially by the conductivity of the
and P_) domains nucleated periodically and homoge-sample and environmeft?! Since asT approached ¢, the
neously.P, andP_ domains grew with different speeds as domain-wall energy goes to zero, any fluctuation will influ-
the temperature decreased. Eventually the negative domairgice the domain structure. Therefore more experimengs,
(in the example of Fig. ldominated the whole image as the carry out the experiments in vaculimre needed to clarify
temperature was further decreased. During cooling down, ththis point. The massive nucleation of domains at 40 °C and
domain density decreased monotonically with decreasinghe irreversibility of domain structures fof<Tc—2°C
temperature. Figure 2 reveals also that wilen47 °C=T.  agree qualitatively well with macroscopic measurements us-
—2°C, N is reversible. Therefore the irreversibility of do- ing the internal friction metho8*>
main density occurred wheff<T-—2 °C. Double loga- In conclusion, by using a temperature variable EFM, the
rithm N vs 7 plot in the inset of Fig. 2 indicatelle 77, domain evolution of triglycine sulfate single crystal during
shown by the solid line, aneg=0.54+0.05. Here only the the ferroelectric-pyroelectric phase transition néar was
data within the reversible range have been taken for fittingobservedn situ and several aspects of the critical phenom-
The measuredy is larger than the theoretical value of 0.25. ena have been studied in detail. The domain structure is ther-
The kink in theN vs 7 plot was also observed by Nakatdni. mally reversible only iffc—2 °C<T<Tc. The equilibrium

Second, it is also interesting to note the signal amplitudelomain density diverges vial¢—T) 7 and the value of the
in the domain images. As mentioned above, the image signaritical exponenty=0.55+0.05 has been determinédrger
(brightness and darkness of respective domaimeasures than the theoretical value of 0.250n the single domain
the polarizatiorP. In order to show this quantitatively, image scale,P2x(T.—T) is valid, therefore Landau’s mean-field
statistics were performed. Figure 3 shows the temperaturdieory has been experimentally verified on a nanometer
variation of average polarizatio® in single domainghere  scale.

P=(|P,|+|P_|)/2] to smooth the slight random asymmetry
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