N

N

Transverse field effect close to the critical point in the

TGS ferroelectric
Boguslaw Fugiel, Toshio Kikuta, Katarzyna Wojtkow

» To cite this version:

Boguslaw Fugiel, Toshio Kikuta, Katarzyna Wojtkow. Transverse field effect close to the critical
point in the TGS ferroelectric. Philosophical Magazine, 2011, pp.1. 10.1080/14786435.2011.594815 .
hal-00717920

HAL Id: hal-00717920
https://hal.science/hal-00717920

Submitted on 14 Jul 2012

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00717920
https://hal.archives-ouvertes.fr

Philosophical Magazine & Philosophical Magazine Letters

?leuu:ulu ana Fadipal
ol of
onianmsg Waltes

Transverse field effect close to the critical point
in the TGS ferroelectric

Journal: | Philosophical Magazine & Philosophical Magazine Letters

Manuscript ID: | TPHM-11-May-0168

Journal Selection: | Philosophical Magazine

Date Submitted by the

Author: 04-May-2011

Complete List of Authors: | Fugiel, Boguslaw; University of Silesia, Institute of Physics
Kikuta, Toshio; University of Toyama
Wojtkow, Katarzyna; University of Silesia

Keywords: | ferroelectrics, phase transitions, polarization

Keywords (user supplied): | TGS, transverse electric field, hysteresis loop

SCHOLARONE™
Manuscripts

http://mc.manuscriptcentral.com/pm-pml




Page 1 of 22 Philosophical Magazine & Philosophical Magazine Letters

Transversefield effect close to the critical point
inthe TGSferroelectric

Bogustaw Fugief”, Toshio Kikuta® and Katarzyna Wojtkow’

©CoO~NOUTA,WNPE

10 M August Chetkowski Institute of Physics
11 University of Silesia, Uniwersytecka 4, 40-007 Kete, Poland

12 @ Graduate School of Science and Engineering,
15 University of Toyama, Toyama 930-8555, Japan

1

http://mc.manuscriptcentral.com/pm-pml



©CoO~NOUTA,WNPE

Philosophical Magazine & Philosophical Magazine Letters Page 2 of 22

Transversefield effect close to the critical point
inthe TGSferroelectric

Abstract

A hysteresis loop was measured in a round platepleaf the triglycine sulphate (TGS)
ferroelectric with two measurement and one sidetelde. Due to a non-zero electric potentigl V
applied to the side electrode the hysteresis loadually decayed on time. It has been shown that th
higher the \{ value, the shorter timg is required for the hysteresis loop to disapp€he value of £*
has turned out to be proportional to the electateptial \; generating a transverse field at a constant
temperature. Within the limits of experimental estathe inverse of the slope of the dependegice t
versus \ is proportional to the differencec¥T. A relation between the temperature T, the
spontaneous polarization Bpositive or negative) and the freezing paramebers been proposed. The
parameter f describes the influence of the trasgveltectric field. Arguments in favour of considgr
the transverse field effect as occurring due te fkectric charges flowing into the crystal haverbe
given.

A method by means of which the parameters of tretengsis loop can be easily adjusted by
an electric potential of an additional side eledértias been proposed.

Keywords: ferroelectrics, TGS, transverse eledteid, hysteresis loop

1. Introduction

Until recently the results of investigations of axial ferroelectrics placed in an
electric field k& perpendicular to the polar axis had been reporgey rarely. As far
as we know, the first experiments concerning elestisceptibility of the ferroelectric
triglycine sulphate (TGS) monoclinic crystal expdge the field & were carried out
by Michailov, Stankowska and Jaski [1, 2]. A few years earlier the transverse
electric field was applied during the electric coadlvity measurements along
different directions [3]. Also magnetic systemsgeld in a transverse magnetic field
were investigated experimentally [4]. Theoreticalrkg concerning both ferroelectric
[5, 6] and magnetic systems [7-11] in the transydiedd were published, too. On the
other hand, the influence of the space electricgghand charged defects on the shape
of the hysteresis loop was investigated theordyigal bulk ferroelectrics and films
[12-14]. There is every indication that an injentiof free electric charges into the
crystal is particularly efficient if an electricefd is directed not parallel to the
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ferroelectric axis. In the present paper we givpeeixnental evidence for the role
electric carriers play for changes in physical prtips due to the transverse field
application.

The existence of a hysteresis loop is the main sretrent feature of
ferroelectric materials. Due to the possibilitypwctical application of ferroelectrics
its parameters were intensively investigated. kangle, research intended to define
an influence of measuring field amplitude and fieary, temperature and pressure, a
constant electric field, admixtures and defectsarXly radiations as well as pale
irradiation on the shape and position of the hgstisrloop were carried out [15-21].
In the present paper we propose a very simple rdethbysteresis loop modification
by means of the electric potential of an additioside electrode. The parameters of
the loop can be easily adjusted by this potential.

In order to observe the hysteresis loop on an loscibpe by means of the
Sawyer-Tower method [22], an alternating (measuriglgctric field, the so-called
driving electric field, is needed. If an additionednstant (in time) electric field
parallel to the ferroelectric axis is applied, thgsteresis loop is shifted in the
horizontal direction. This is a typical reaction tbe bias field parallel to the
ferroelectric axis. On the other hand, there arsegiestion: what will happen if a
constant electric field is applied perpendiculadythe ferroelectric axis? As appeared
[23, 24], no instantaneous reaction can be thereagd. However, if a prolonged
transverse field is applied, in the course of time hysteresis loop is becoming more
and more suppressed and finally disappears.

Such a decay in time for TGS, triglycine selendt€%e) and Rochelle salt
ferroelectrics was presented for different elearsgistems in our former papers [24-

27]. A series of hysteresis loop decays for TG§hiswn in Fig.1. In the measurement
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of Fig.1, a simple Sawyer-Tower circuit was used an compensation for electric
conductivity of the sample was applied. The shapth® sample was a hexahedron
and two pairs of gold electrodes were attachedt t(see detail in Ref. 24). A
spontaneous polarization B defined by the polarization under no electietdf, with

no factor that reduces the polarization, such ad#tk-switching effect. The value of
Ps can be estimated to be almost the same as tlthe sEmanent polarization in the
measurement of Fig.1 because the remanent polanzdid not vary under various
measurindields with the strength over 3 times greater ttreat of the coercive field
and there was no apparent decrease in the satupatiarization.

Electric conductivity of the sample maleebysteresis loop inflate and residual
capacitance which does not contribute to ferroel@igt makes a hysteresis loop
incline [28, 29]. The experimental results shown Fig.1 suggests that effects
mentioned aboveo not influence the hysteresis loop in any sigaifit way during
the application of the transverse electric field BB Fig.1, during the first stage of the
Ep field application, a drastic suppression of thenament polarization is not
accompanied by any decrease in the coercive figldev This point differs from the
case of the ferroelectric material including chargmpurities, like a space charge,
where the coercive field value decreases [12, I8}y small coercive field changes
due to the space charge could be neglected indperd14], though. However, no
polarization disappearance was shown there.

Meanwhile, no hysteresis loop disappearance wasreodd in the longitudinal
electric field so far (after a few hundred houssyifference between the longitudinal
and transverse field action has been shown in Fi@#8 the left hand side, one can
see an instantaneous shift of the hysteresis Inag horizontal direction due to an

application of the external constant electric fiplrallel to the ferroelectric axis (by
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means of a blocking capacitor) during the Sawyerdiotype measurement. On the
right hand side, a disappearance of the hysteless is shown as a result of the
prolonged external constant transverse electrid &pplication. The lack of any loop

corresponds to a stationary state of the crystahentransverse electric field. Both
imprint and fatigue effects are negligible in Figl2 the case of the longitudinal field

in Fig.2 the effect is not permanent, i.e. the tstiiappears after the constant field
disconnection. On the other hand, the lack of ystdresis loop can be still observed
at a constant temperature after the transverse &eitching off provided that the

‘rejuvenating’ driving field is not applied for tdong [23]. The original properties of

the crystal can be easily restored by annealingstémple (rejuvenation) above the
critical temperature. This method seems to be tbst efficient way of rejuvenation.

In the case of the very popular TGS ferroelectitime g of about 16 10
hours is usually required for the loop to disappeaa transverse electric field of the
order of 18 kV/m, at room temperature. That is probably thasom why the
properties of ferroelectrics with hydrogen bondsserved after their exposure to an
electric field not parallel to the ferroelectricigxremained unknown for many years.
The time § depends on temperature [24] or, to be more presisbpw far away from
the critical point of the paraelectric-ferroelectpphase transition we are (in the
ferroelectric phase).

In the monoclinic TGS electric conductivity aloniget c axis direction is
higher that those along a and b axes [3, 30]. @mother hand, the influence of the
transverse field applied along the c axis is palaidy significant [24, 31]. Therefore,
there are arguments in favour of considering thasverse field effect as occurring
due to free electric charges flowing into the ayqR4]. For it is just the high

concentration of free charges that may cause aifrgeof domains [32, 33] and
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therefore a reduction of the hysteresis loop. @natiner hand, the appearance of quite
a new rigid domain structure [32, 33] with domaiall& turned by 90 degrees as well
as transverse polarization of the crystal whichsgoeously increases while lowering
temperature in the zero external electric fieldr{tverse quasi-pyroelectric effect)
[25, 34] suggest that the nature of the effect udasideration is more complex. In
particular, it cannot be understood simply as a&ttedt effect. This is not a relaxor-
like system, either, because of a low frequencypsegsion observed experimentally
in TGS [35]. This complexityseems to be confirmed also by the fact that, aghou
similar electric conductivity values were obtainedlGS along the a and b axes [3,
30], no disappearance of hysteresis loop has blesereed in longitudinal (parallel to

the ferroelectric b axis) electric fields so far.

2. Experimental

Below in the present paper we show the experimaetllts obtained on a round
TGS sample with two symmetrically attached circusdver paste measurement
electrodes and one silver paste side-ring-elect(6te3). The paste Leitsilber 200
Hans Wolbring GmbH was used. The diameter of thepsa the diameter of the
measurement electrodes and the sample width wege0(2) mm, (4.20.2) mm and
(3.0£0.1) mm, respectively. The crystal was grown in feyama University in
Japan. The sample was connected to a typical Saloyeer measurement circuit.
The amplitude and the frequency of the measurirtage (as a source of the driving
field) were 2.5V and 100 Hz, respectively. This-siave voltage was generated by
means of the generator Agilent 33120A and amplifigdhe bipolar operation power
supply/amplifier KEPCO BOP 1000M. The constant gibueferenced electric

potential \{ was applied by means of the power supply ZWN-42.GR to the side
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electrode at a given temperature. At the same timeaupper measurement electrode
remained grounded, except for short moments whehykteresis loop was observed.
The values of the timg &fter which the hysteresis loop disappeared werasored at
different temperatures and side potentials.

Just before the hysteresis loop disappearancdagseswas carefully observed for a
few minutes in order to make sure that the loop @faerroelectric character. When
the remanent polarization was one order of magaeiteds than that of the original
sample, the coercive field could be observed toredse (together with further
remanent polarization suppression and linearizatan the polarization field
dependence)which finally led to the loop closing. Slight ceations by means of a
variable resistor allowed us to distinguish thetwleen the intrinsic ferroelectric
hysteresis loop and the pseudo-loop appeatugto the electric conductivity and the
residual capacitance of the sample. The tign@das detected with the accuracy of 1
minute.

The similar sample-electrode system was used ind@&J/but then blocking capacitors
had to be connected in order to apply the consieattric potential to the
measurement electrodes. The measurement circthbwtitany blocking capacitors

shown in the present paper was used by us foirStdime.

3. Results
In Fig.4 we can see that the inverse40$ & linear function of ¥, at T=319.25K. A

similar dependence

ti = slope V; Q)

d

was also observed at other temperatures, thoughdmferent slopes. In other words,
the inverse of the slope is a well-defined paramketea given temperature. In insert
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of Fig.4 one can see a temperature dependences ahvtkrse of the slopehich is
linear within the limits of experimental errors. &tpoint with slopé = 0 at the
critical temperature 3=322.1K was added as beirg definitioneequal to zero. The
value of T=(322.10.1)K was taken as the temperature of the hysteregp
disappearance (or appearance) in the rejuvenat&Ise@ple. There is no theoretical
prediction concerning the slope versus temperature dependence in the
neighbourhood of the critical point. Therefore, nseve chosen the simplest, i.e. the
linear fit to the experimental points. We can codel that the transverse field effect
has a critical character because the slope tendsfitoty when the temperature

approaches the critical point.

4. Discussion
4.1 Freezing parameter fo

A concept of freezing parameter f has been intredun Ref.36. Although the
physical meaning of f is still being investigatad,s a convenient parameter for
describing the influence of the transverse fieldr & sample never influenced by a
transverse electric field or for the crystal rejuated by annealing above The value
f=0 is postulated. When the transverse field is¢paipplied, however, the hysteresis
becomes more and more suppressed and finally diaeppAt the same time f rises
gradually from zero to a border value The spontaneous polarization is equal to zero
for f > fo. The border valug fdepends on temperature.

As becomes evident from Fig.4, the higher thgdtential, the shorter period
of time is required for the hysteresis loop to dE=ar. This suggests that the
influence of the transverse field on the hysterdsap shape can be viewed as

resulting from electric carriers flowing into theystal [24]. At a given temperature
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there exists a minimal value n&mof concentration of free electric carriers
(corresponding to the border value g=iwhich is required for the hysteresis to
disappear. In fact, as follows from Fig.4, thdueaof the product Yty = slopé®
determines the conditions for the hysteresis lomappearance. This suggests an
interpretation of the parameteg Wwhich tends to zero when the critical point is
approached. We propose the relation
fo = slope™ 2)
For temperatures close tg The freezing parameteg €an be viewed as proportional
to the electric chargepdlowing through the crystal or being injected inb@ crystal
during the timed. In fact, we have
qo~ [, Ve R dt (3)
where R is the resistance of the sample. If werasghat R does not depend on time,
the following relation
fo~ao (4)
is obtained, where R const. within a narrow temperature interval beldw A
possibility of generalizing this relation for a lader temperature region is discussed

in one of the next paragraphs.

4.2 Relation between P, T and f

A linear temperature dependence pfrésults from the insert of Fig.4 (for zero
spontaneous polarization and f=fslopé®). On the other hand, the Landau type of
the spontaneous polarization temperature depena=mcbe assumed for f=0, i.e. for
the original or rejuvenated sample. Consequently, I<Tc we can consider the

empirical equation, representing also the case<f3<fnd R +0:
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P, = +B(T, - T)Y2 F Ff1/? (5)
where R> 0 and P=-P, are positive and negative spontaneous polavizsiti
(parallel to the ferroelectric axis), respectively is the critical temperaturef the
paraelectric-ferroelectric phase transition, B>@ &»0 are constants. Because of an
almost rectangular hysteresis loop observed fo5,TtBe spontaneous polarization
can be approximated by the remanent dine formula (5) should be considered valid
only within the limited & —-T and § — f value region, as it is for example in the case
of critical exponents. As results from EQ.5, th#edence R(T,f;) — P«(T,f1) for
f,#f1 does not depend on temperature. This is in agmneewith the experimental data
(for relatively small spontaneous polarization ealui.e. for small difference-f>0)
shown in Fig.5 of Ref.37. For =0, Eq.5 gives trentau type relation:

Py =Py = £B(T. = T)'/? (5a)
as in the case of a sample never influenced bgresverse field. On the other hand,
during a transverse electric field application atoastant temperature, the value of f
increases from zero t@.fAt the same time the spontaneous polarizatiomedses,
according to Eq.5. Finally, for fgfwe have P= 0. As results from Eq.5, the border
value f=f decreases linearly with temperature

fo(T) = (BFH)*(T. — T) (5b)
This is in accordance with the data in insert @f. B and the definition (2). In this
case we havefPy.?, i.e. a critical exponentfis expected forgfas a function of
temperature.
On the basis of the relation (5) we can draw theetions R(f, T), f(T) and

P.(f) much more precisely (e.g. with different conitgk than that shown
schematically in Ref.36 for TGSe. The function=PP; (T, f) which results from Eq.5
has been presented in Fig.5. The white dotted le@esents the spontaneous
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polarization-temperature dependence for a con$tand. One can see that the left-
hand partial derivativedP./0T at the temperature of the remanent polarization
disappearance is then finitghis is in agreement with the experimental resshigwn

in Refs. 36 and 37. We can conclude that only f@rthe tangent to the curves {)

at T=T¢ is vertical whereas for f>0 it is oblique at temgiares T<T of the reduced

remanent polarization disappearance.

4.3. Freezing parameter in a broader temperature region

The results of the present paper indicate thatttdiesverse field effect is strongly
correlated with the paraelectric-ferroelectric gh&ésnsition. On the other hand, our
present data do not seem to be in contradictiotihéoformer ones [24], where the

Arrhenius-type dependence of a characteristic time

T =Ty,exp (Z—;) (6)
was proposed for the sample of the form of a pefietar parallelepiped. The time
To decreased with rising transverse field intensitiie activation energy and the
Boltzmann constant are denoted by and k, respectively. Taking into account the
relation (6) we can consider a general formulaaféemperature interval broader than

that in Fig.4

slope ™ (T) =V, ty = const. (T, — T)exp (Z—;) (7)
The factor (£-T) reflects the crystal properties manifesting teelwes close to the
ferroelectric-paraelectric phase transition. It banthought to be an approximation of
a more general function h(T) (correspondingqg@ Eq.6) which does not prevail at
lower temperatures. However, for T close {9 T can be approximated by a linear
dependence, i.e. h(T)(T¢-T). On the other hand, for=l¢ , the Arrhenius factor

should be treated as proportional to a weakly teatpee-dependent function
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exp(1/Txexp(1/1c), and in the limit T T¢ (i.e. within a few degrees below,Tsee
Fig.6) we obtain the dependence shown in insefig#l.

The concept of the freezing parameter can be egtetawla broader temperature
region, but where h(T)I(Tc-T) (cf. Fig.6) and {0V, relations are still observed.
Let the Arrhenius exponential factor in (7) reprasine temperature dependence of
resistance RI exp[Uy(kT)] of the sample [3, 24, 30]. Then the relati@) is also

valid if we take into account Eqg.7 and assume fhdbes not depend on time in (3).

5. Summary
There is a fundamental difference between the nmestma of longitudinal and
transverse polarization of the TGS crystal. Duttimg application of an electric field
not parallel to the ferroelectric axis the hystexésop gradually decreases and finally
disappears. It has been shown, however, that sdigidadoes not have to be either
perpendicular to the polar axis or homogeneous. hiisteresis loop disappears also
in an inhomogeneous electric field with a non-zeamsverse component, as it is in
the case of the round plate sample with three relées. Then the parameters of the
hysteresis loop can be easily adjusted by theredgmitential of the side electrode.
The disappearance of the hysteresis loop has Heserved in a round plate
TGS sample after the sufficiently long timeadf applying the side electric potential
V.. For a given temperature TgT the relationd® ~ Vs is valid. On the other hand,
the value of the 4V product changes linearly with temperature and getodzero
when T approachescTThe transverse field effect has a critical natoeeause the
slope of the linear relatiogt versus \{ tends then to infinity. The classic temperature
dependence®(T) can be treated as a special case of a morgajeeéation (Eq.5)
between temperature, spontaneous polarization badfreezing parameter f. The
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Figure captions

Figure 1. Time dependence of the P-E hysteresisslad TGS under the transverse
electric field E application by a simple Sawyer-Tower circuit. Timeasurements
were carried out at 312.5 K under the conditiona ¢fiangle-wave driving electric
field E parallel to the ferroelectrib axis with the amplitude and frequency of 40
kV/m and 5Hz, respectively, and the transverse D&Ctiec field E; of 200 kV/m

parallel to thec axis.

Figure 2. Hysteresis loops observed on the oscilos screen before and after
longitudinal B (instantaneous reaction, not permanent effect) madsverse &
(gradual reaction, permanent effect) constant pateelectric fields E application,
drawn schematically. The diagrams concern statjos@tes of the crystal, i.e. when
the loops do not change in time any more; E # (%)% both imprint and fatigue

effects are negligible here.

Figure 3. Hysteresis loop disappearance drawn safieatly, the measurement circuit
and the sample with three electrodes; insert: dngpée seen from one side with
measurement electrodes thicker than in realitydffarity); Vs is a ground-referenced

electric potential
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Figure 4. Experimental dependengé wersus \ at T=319.25K; insert: inverse of

slope (in V h) versus temperature.

Figure 5. The 3D relation,” P. (T, f) drawn on the basis of Eq.(5); a region with
hysteresis loop is shown on one side of the ling(T¥; the projection onto the
spontaneous polarization-temperature plane is stsmvamatically on the right hand

side

Figure 6. Schematic diagramsy(T) = (Tc-T) exp(A/Tc) and C(T) = (ET)
exp(A/T) versus temperature, where A is a constasérts: corresponding Arrhenius

type relation
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Figure 1. Time dependence of the P-E hysteresisslad TGS under the transverse
29 electric field E application by a simple Sawyer-Tower circuit. Timeasurements
31 were carried out at 312.5 K under the conditiona tifiangle-wave driving electric
34 field E parallel to the ferroelectrib axis with the amplitude and frequency of 40
36 kV/m and 5Hz, respectively, and the transverse [ECtec field B5 of 200 kV/m

39 parallel to thec axis.
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Figure 2. Hysteresis loops observed on the oscijos screen before and after
longitudinal B (instantaneous reaction, not permanent effect) @madsverse &
(gradual reaction, permanent effect) constant pateelectric fields E application,
drawn schematically. The diagrams concern statjosttes of the crystal, i.e. when
the loops do not change in time any more; E # (%)% both imprint and fatigue

effects are negligible here.
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32 Figure 3. Hysteresis loop disappearance drawn safieatly, the measurement circuit
34 and the sample with three electrodes; insert: dngpée seen from one side with
37 measurement electrodes thicker than in realitydfarity); Vs is a ground-referenced

39 electric potential
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Figure 4. Experimental dependengé wersus \ at T=319.25K; insert: inverse of

slope (in V h) versus temperature.
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20 Figure 5. The 3D relation,” P. (T, f) drawn on the basis of Eq.(5); a region with
hysteresis loop is shown on one side of the ling(T¥ the projection onto the
23 spontaneous polarization-temperature plane is stsmvamatically on the right hand

25 side
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Figure 6. Schematic diagramsy(T) = (Tc-T) exp(A/Tc)

exp(A/T) versus temperature, where A is a constasérts: corresponding Arrhenius

type relation
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