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The variations of the effective electro-optic coefficient and of the dielectric permittivity as functions of the

dc electric field are reported in rubidium hydrogen selenate at room temperature. Their frequency dispersions
are measured in the range 20 Hz—1 MHz. The influence of the ac field amplitude on these properties is also
studied. It is shown that the dielectric and the electro-optic responses are strongly nonlinear with the amplitude
of the ac electric field, and that their frequency dispersions are closely linked to one another, up to the vicinity
of the piezoelectric resonances. The role of domain dynamics in the dielectric and electro-optic properties is
stressed. The domain contribution to the electro-optic response is explained by means of a simple model based
on the tilt of the optical indicatrix in neighboring domaif$0163-18288)02629-0

[. INTRODUCTION correlate the EO properties with the dielectric response and
thus to emphasize the role of domain dynamics in the prop-
The fabrication and the study of materials with largeerties of RHSe. Therefore, we have undertaken simultaneous
electro-optical(EO) or nonlinear optical coefficients are al- measurements of the corresponding dielectric susceptibility
ways of a current interest. Among them, ferroelectfe) and the EO coefficient as a function of the ac field, varying
single crystals have been intensively investigdtettieed, in ~ Poth in frequency and amplitude. We particularly emphasize
these materials EO properties are generally correlated to tHE€ role of domain dynamics in the EO properties of RHSe in
linear dielectric susceptibility so that they are expected tdhe frame of a simple model based on the tilting of the opti-
increase in the vicinity of the paraelectric-ferroelectric phas€@!_indicatrix caused by a field-induced reversal of the
transition, in connection with the maximum of the static per-FEFEL domains.
mittivity, favoring large polarization fluctuatiorfsWe have
recently shown that the crystal of rubidium hydrogen sel-

enate [RbHSeQ (RHSe] possesses unusual large EO  piglectric and electro-optic measurements were carried
properties’ allowing low driving voltages for the modulation oyt on the same RHSe sample that was cut from a solution-
of light. grown crystal and shaped as parallelepipedx2®x6.1
This crystal is known as a hydrogen-bonded ferroelectrignm?. The smallest dimensiod was cut approximately par-
with the Curie point at 371 K.At room temperature RHSe allel to the ferroelectrich axis, and the largest one
presents the triclinic symmetrly1 and possesses ferroelas- L—parallel to the propagation direction of the light in the
tic, pyroelectric, and ferroelectric properties that have beemxperiments—was intentionally misoriented by 20° from the
widely studied®™” Below T, the crystal always exhibits a c axis in order to obtain a large EO effé€tThe sample was
layered domain structure with walls parallel to tha,K) electroded with silver paste on tefaces and placed into a
crystallographic planes, and the spontaneous polarization délosed cell filled with silicon oil to avoid damage due to
rected close to thés axis. Neighboring domains are each moisture.
other symmetrical by a twofold rotation around the axis per- The EO experiments were done at the 633 nm wavelength
pendicular to thed,b) planes. This ferroelectric-ferroelastic of a He-Ne laser using the Sa&mont compensator setup
(FEFEL) domain structure is especially soft—that meansdescribed in Fig. 1, as well as the corresponding transmission
easily reversible and removable by a stress or by an electrii@ctor 1/1,. The effective electro-optic coefficients under
field®—and it reappears spontaneously as soon as the field & ac field is deduced using the working pditg, from the
released after saturation. This soft behavior is likely at themodulation factom=2J,/1,, whered,, is the amplitude of
origin of some interesting properties of RHSe such as théhe optical signal modulated at the output of the analyzer and
large electro-optic effectdeflection, and electrodeflection of 14 is the maximum transmitted intensity. The EO coefficient
light.® We have recently reported the influence of the dc fieldis derived fromn®r .= (mx X X d)/(7X L X V,;) where\ is
on the EO properties in recording the cycles of the birefrin-the laser wavelength, and,, is the amplitude of the applied
gence versus increasing and decreasing electric field, and vee voltage. The variation of; is studied as a function of the
have pointed out the role played by the domain structure irfirequency and amplitude of the ac field. This method differs
this large EO effect® The aim of the present work is to from the procedure using the compensation of the phase shift

II. EXPERIMENTAL
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FIG. 1. Smarmont’s setup used for electro-optic and birefrin- -400  -200 0 +200  +400
gence cycle measuremeritgpper part Transmission factor corre- DC field (V/em)
sponding to this optical arrangement showing two particular work- . o
ing pointsM, andM (lower par. FIG. 2. dc cycles of the relative permittivitig) and of the

effective electro-optic coefficierib) recorded under an ac electric

I'(E)=2x mxLxAn(E)/\, induced by a dc field. In this field with a frequency of 300 Hz and an amplitude of 250 V/cm

: . . . eak to peak(c): cycle of the field-induced birefringencen(E)
case the compensation is achieved step by step during éiCAnO recorded in the same configuration. Solid symbols: increas-

cycling by appropriatg rot.ationSB= 5.”2 of the analyzer in ing bias. Open symbols: decreasing bias. The total cycling time of
order to track the extln_ct|on of the Ilg_ht—or the d_oub_le fre- e experiments was approximatel h for (a) and (b), 2 h for (c).
quency pointM, (see Fig. 1of the optical modulation if an  the solid lines are only guides to the eyes.

ac field is superimposed as a probe. This method is employed

to determine the birefringence cycles and the static value

(o) . . . . . .
the EO coefficient. éreasmg and decreasing dc field is evidenced in K@. In

: . . _ >
Dielectric measurements at high ac fie{tem 10 to 350 both saturated statefHd >300 Vicn) the values,of the

; . real parte’ is equal to approximately 250, while the imagi-
Vi cm pea_k-to—pea}(were carried out using a Sawyer—Tower.nary part is nearly zero. In these saturated states the FE do-

fhain structure of the sample is almost completely removed

peaR were independently performed with a Hewlett-Packar 0 th_at the dielectric_per_mittivity is m_ainly due_to i_onic con-
4192 A setup. The experimental errors are typically 5% fOrr_|but|ons. The contrl_bu_tlon of dqmaln dynamics is respon-
the dielectric .measurements and 10% for the EO measurs-'ble.for the hy;tere3|sl|ke behavior that appears for dc fields
ments. However, this latter error can be lar(0%) for the ?anglng approxmate]y fronTZOO to +200 V{cm. The peak
values' ofn3r n’1easured under low ac fields<50 V/cm v_alue of s’ (~.23OQ is obtained at de_creas_lng bias for a dc
eff field of approximately—100 V/cm. This particular state cor-
peak-to-peak responds to a maximal efficiency of domain reversal under
the alternative field, and it will be referred to as the coercive
ll. RESULTS state in the following paragraphs. This value of the coercive
field is extremely low compared to others FE materials. For
this reason, RHSe can be considered as a particularly “soft”
The permittivity cyclee(E) and the electro-optic cycle FE crystal.
n®r .«(E) were recorded versus increasing and decreasing dc It should be noticed that the permittivity cycle is not sym-
field, from —500 V/cm to+500 V/cm, with a superimposed metrical: the maximum o’ with increasing bias appears
ac field(300 Hz, 250 V/cm peak-to-pepakThe birefringence for a dc field of approximately-50 V/cm, a value that is not
cycleAn(E) was also recorded in the same configuration bythe opposite to this obtained with decreasing bias. Moreover,
rotating the analyzer in the Barmont’s setup in order to the dc field required to saturate the sample for increasing bias
track the double-frequency point of the EO modulation dur-is slightly larger than for decreasing bias. This asymmetry in
ing dc cycling® The results are plotted in Fig. 2. The hys- the hysteresislike behavior should be attributed to a preexist-
teresislike behavior of the dielectric permittivity versus in-ing framework in the domain structure of the sample, prob-

measurements at low ac fiel(fsom 0.6 to 28 VV/cm peak-to-

A. dc cycles
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FIG. 4. Dispersion of the relative dielectric permittivity and
losses vs frequency recorded in the crystal in the coercive state
(squaresand in the saturated stateircles. ac-field amplitude: 28
V/cm peak-to-peak. The solid lines joining the experimental points
)}n all figures are only guides to the eyes.

AC field (V/em, peak to peak)

FIG. 3. Variations of the relative permittivitya) and of the
effective electro-optic coefficientb) vs the amplitude of the ac
field, in the coercive state of the sample. The solid lines are onl

guides to the eyes. tribution of domain dynamics to the dielectric susceptibility

i o ) _of RHSe is weak under low ac field amplitudes below 5

ably caused by defects acting as pinning points for domair;om.
walls inside the crystal or by preferential sites for domain  gq; 5¢ amplitudes varying from 5 to 30 V/cmjncreases
nucleation at the electrodes. This asymmetry is not mOd'f'terastically and becomes frequency dependent, revealing the
after several dc cycles. _ _ . onset of domain dynamics as soon as the ac field exceeds 5

As seen in Fig. i), the effective electro-optic coefficient \/icm_ This threshold value is extremely low compared to
n°r ¢ Of the sample exhibits the same hysteresislike behaviofia| FE materials. This confirms the particularly soft FE
as the dielectric permittivity. This clearly shows that the yenayior of RHSe. Above 50 Vicm, the permittivity reaches
large EO effect in RHSe3|s due to domain dynamics. More- nearly constant but frequency-dependent value. It should
over, the EO coefficientr (E) is fairly proportional to the e noticed that no decrease of the permittivity is observed up

domain-related susceptibilityyq(E)=&(E) —esa- The EO {5 the highest ac field value of these measureméso
cyclen®r(E) also looks proportional to the derivative of the vicm).

birefringence cycleAn(E) that was recorded in the same  The variations of the effective EO coefficient versus the
configuration[Fig. 2c)]. Unfortunately, it was not possible amplitude of the ac fieldFig. 3b)] reproduce the corre-

to record simultaneously the cycle of the ferroelectric polar-sponding variations of the dielectric permittivity, at least in
ization P(E) because the cycling time during the experi- the range 20-350 V/cm where the EO measurements could

ments was too longapproximately 2 h be done(below 20 V/cm the EO signal was too weak to be
measured within an acceptable accupachhis correlation
B. Dependence of and nr . on the ac field amplitude confirms that the contribution of domain dynamics to the EO

N coefficient is nearly proportional to the corresponding do-
The dependences of both the permittivity and the electro: y brop P g

. L : ) main contribution to the dielectric susceptibility.
optic coefficient versus ac-field amplitude have been mea-
sured in the coercive state of the sample at several frequené E i ion of th lex dielectri N
cies ranging from 5 Hz to 10 kHz. Results are reported in™ requency dispersion of the complex dielectric permittivity
Fig. 3. Under low ac amplitude£(.<5 V/cm peak-to-pegk The dispersions of’ (real par} and&” (imaginary part
the dielectric response of polydomain RHF&g. 3(@)] re-  versus frequency were recorded under low ac amplit@8e
mains nearly linear and depends only slightly on the ac freV/cm peak to peak first near the coercive stateE{.
qguency. The value of this co-called “initial permittivity” =-—90 V/cm) and then in the saturated statg (= —450
fairly corresponds to the valueg, that is obtained in the V/cm). The results are plotted in Fig. 4. The real part of the
fully saturated statgFig. 2(a)], when the domain structure is dielectric permittivity is nearly independent of the frequency
nearly removed by the dc field. This indicates that the conwhen the sample is submitted to a strong dc field. This con-
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E The dispersions (f) andn®r .(f) reported in Fig. 5 were
] A e simultaneously recorded in the coercive state of the sample
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quency (160 kH2, the effective EO coefficient vanishes
drastically and seems to reach a constant value of a few
i . pm/V above 500 kHz(This value could not be measured
E— accurately because the high-frequency limit of our EO setup
3 3 is about 500 kH32.1t thus seems that the direct Pockels effect
E Q‘KQ) ] due to the ionic contribution is rather weak in RHSe. How-
1 k‘%‘ T ever, this ionic contribution is expected to be practically flat
E versus frequency up to the microwave range, since the di-
electric permittivity itself was shown to exhibit practically
no dispersion up to 4 GHZ.
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IV. INTERPRETATION

10 4 5
e vl e e Y A. Domain contributions to the dielectric properties

2 .1 2 3 4 b 6
10° 107 110107 10° 107 10° 10° 10 All dielectric and EO responses observed in RHSe, i.e.,
Frequency (Hz) with ac and dc fields and with frequency, can be attributed to
FIG. 5. Dispersions of the relative permittivit) and of the bhqth the S.pIeCIf;](? domalr.1 structure and domain dynamics .Of
effective electro-optic coefficier(b). Measurements were made in IS material. This domain structure appears under a polariz-
the coercive state of the crystal under an ac-field amplitude of 1249 microscope as layered strips, with domain thickness

Vicm peak to peak. The solid lines are only guides to the eyes. Vvarying from 1 to 100um.** The so-called “initial” dielec-
tric permittivity measured in the coercive state under small

firms that nearly all domains are reversed in the direction ofc-field amplitudes is small and slightly frequency dependent
the field and shows that no dispersion occurs below 100 kHz400 to 250. It can be mainly attributed to the ionic contri-
Comparatively, the permittivitye in the coercive state is bution, superimposed with a slight domain contribution

much larger and frequency dependent. This is due t0 thgohaply due to domain-wall oscillations. This slight domain
contribution of domain reversal to the dielectric suscept|b|I—response remains linear with ac amplitude up to 5 V/cm

Ltﬁ/énFirslTi?rt\Zr;cgra;rZ?h;f ttﬁlsidgr]all’]ni Ck??rt”bu“r?n IS motr‘.aUnder higher ac fields, the sharp increase of the susceptibil-
. 9 '€ lonic, high-requency, con rI'ity is probably due to another kind of domain motion, for
bution. The low-frequency dispersion on the imaginary part

of the permittivity (below 10 kH3 in the saturated state must which some domains begin to be switched as a whole by the

be attributed to the ohmic contribution . since the real electric field. This contribution increases with ac amplitude
part of the permittivity exhibits no dispersion in the corre- & More and more domains are set in motion. The very small

sponding frequency range. In the coercive state, this Contrit_hreshold value of the ac field needed to start the domain

bution is negligible because the dissipation due to domaificVersal corroborates the particularly soft FE behavior of
dynamics remains largely dominant down to the low-RHSe. This contribution of domain reversal leads to a pla-

frequency limit of this experimen20 H2). teaulike dependence versus ac amplitude in the range 30—

The first piezoelectric resonances appear in the saturatetP0 V/cm. It suggests that nearly all the mobile domains are
state only, as a double peak around 160-300 kHz on thédeed setin motion by the ac field in this regime. For higher
imaginary part of the permittivityFig. 4). These resonances ac fields, however, one should expect a decrease of the per-
are not visible in the coercive state: they are replaced by aittivity, especially at very low frequency, if the ac ampli-
broad Debye-like relaxation, which is more clearly evi- tude would largely exceed the saturation value evidenced on
denced under larger ac-field amplitudese the inset of Fig. the dc cycleg200 V/cm). This decrease of the permittivity is
5(a)]. This relaxation can be attributed to the domain walls,in fact not observed in Fig.(8), certainly because the lowest
which may impede the onset of a stationary acoustic wavérequency of this experimerid Hz) is still far much higher
along the length of the sample and thus hinders the correghan the recording frequency of the dc cyclesr0 uHz).
sponding piezoelectric resonances. However, another piezo- It should be noticed that the frequency dispersion of both
electric resonance at 800 kHz is visible in Fig. 4 in both thee’ and&” in the coercive statfFig. 5a)] does not look like
saturated state and the coercive state. This suggests that thesimple Debye relaxation. This is not surprising, since the
corresponding acoustic wave vector is nearly parallel to thelomain structure is not fully regular, and domain dynamics
domain walls, so that this acoustic wave is not much affecteghroceeds from several kind of motiofsmall amplitude os-
by the presence of the domain structure. cillations, large sideways motions, and domain-wall nucle-
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present approach. Combining Ed4) and (2), we can ex-

Domain wall 2‘@; : . f :
S press the average birefringence under applied field as a func-

v } tion of the average ferroelectric polarizati®{E):

P(E)
Ps ’

1
An(E)=Ang+ §5An 3)

' whereAny=(An*+An~)/2 is the natural birefringence of
Domain + % the sample in the coercive statP+£0), and SAn=(An*
—An7) is the difference between the birefringences of two
L~ Lr i neighboring domains. This ter@An depends on the angle
' of incidenced of the light beam with respect to the normal of
domain walls. Obviously, the birefringence reaches, in the
FIG. 6. Mutual tilt of the optical indicatrices in neighboring fully saturated statesR= = Pg), the corresponding satura-
domains. When the propagation direction of the light is not perpention valueAn=An" or An~. Here we have also neglected
dicular to domain walls, the birefringencAs™ andAn~ in neigh-  the influence of the FEL strains, which should lead in ).
boring domains are different. to corrective terms of the second and third orders in powers
of P(E)/Ps. Obviously, these terms are small compared
ations involved in switching processeMost probably, sev- with the first-order term provided that the angle of incidence
eral relaxation times are distributed in the relaxationg of the light beam with respect to the normal of the domain
phenomena. walls is much larger than the angles of the FEL shear strains,
The very soft FE properties of RHS#w dc coercive  which are equal to+0.6° and—0.2° in the plane$100) and
field, low threshold ac amplitude for domain motjoseem  (010), respectively.
somewhat exceptional compared to other ferroic materials Taking the derivative of Eq(3) versus the electric field
[(Gdy(M0O,); and BjjTi;O;, crystals, PKZr,Ti)O; ceram- E, we obtain
ics]. This could be explained by the relatively moderate fer-
roelastic strains of the triclinic structurg«=90.7°, dAn SAndP
£=89.89, probably associated with low elastic constants. To dE Z_PS dE - (4)
our knowledge, experimental data are not available for the
elastic constants, but the relatively low frequencies of theBy definition, the derivative of the field-induced birefrin-
piezoelectric resonances indicate that the sound velocities agnce yields the effective EO coefficient, while the deriva-
small in this material. Consequently, the elastic energy intive of the ferroelectric polarization gives the dielectric sus-
volved in domain reversal is probably weak and thus allowseptibility (multiplied by the permittivity of vacuunag). We
easy motion of domain walls up to intermediate frequenciesthus obtain a direct relationship between the domain contri-
bution to the EO coefficierm:"refm and the domain contri-

B. Domain contributions to the EO properties bution to the dielectric susceptibilityy:
The role played by domain dynamics in the large value of SAN
the electro-optic effect in RHSe originates from the tilting of “n3r E. w)= s E. o 5
the optical indicatrix caused by field-induced domain rever- 2" Teta(Eac) 2Ps oXdl( Eac. ) ©

sals. Since the ferroelectric domain structure of RHSe is also

ferroelastic, the indicatrices in two neighboring domains are>ince the domain-related susceptibiljy strongly depends
tilted each other by an angleConsequently, the birefrin- ©N the amplitude and on the frequency of the ac field, the EO
gencesAn* and An~ in neighboring domains are not ex- effect shpuld fpllow similar nonllnearlt.y and S|_m|I§r fre-
actly equal, provided that the propagation direction of thedUuency dispersion agy, as far as domain dynamics is con-
light is not perpendicular to the domain walig. 6. We ~ cérmed in the dielectric response—that is, in the low-
can thus express the birefringence along the light path lengtf{eduency range up to the vicinity of the piezoelectric

L as an average quantity through the polydomain sample '€sonances. The tight correlation between the dielectric re-
sponse and the EO response is clearly evidenced in Fig. 7:

An=(L*/L)An"+(L"/L)An", (1)  the curven®rq versuse exhibits a constant slope in the
whereL ™ andL ™~ are the light path lengths through domains Lr;e ggﬁgz :jaynngaem%cg Zlnlt?u_l; t'azaégvfgﬂq%éhﬁ_,gr’eg Zﬂgﬁ{%n; ©
"+ and "7 respecuvely. o crease of the slope is observed, since the contribution of
The average ferroelectric polarizatiénof the sample can  y,main dynamics to the EO effect begins to decrease. At
be expressed in the same way by higher frequencies, the domain contribution vanishes drasti-

1y - cally [see Fig. #)] Eq. (5) is no longer relevant to describe
P=(LTL=L"/L)Ps, @ the relationship between dielectric and electro-optic proper-

wherePg is the component of the spontaneous polarizatiorties but has to be replaced by more usual mo#i&ls.

parallel to domain walls, i.e., thes component that can be Finally, it is worth paying attention to the coefficients of
reversed by the electric field. The above equations take athe Pockels tensor that should be involved in the domain
count of the contributions related to domain reversal onlycontribution. In the case of RHSe the indirect Pockels effect
the ionic contributions are assumed to be negligible in thelue to domain dynamics must be analyzed in the monoclinic
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6000 T v = Additionally, it was also fountf that the corresponding bi-
v ﬁ Ja/ refringenceAn, (0.0560 at 633 nmis much larger tharhn,
5000 Yo~ (0.0139 at 633 nm Since the indirect Pockels coefficients
' m/ 1 rs andrs, related to domain dynamics should be propor-
’2‘ 4000 /?r’ tional to the corresponding produds,; X sin 2¢; , it can be
£ 1 N R P 1 expected that the largest Pockels coefficient of RHSe in the
& 3000 T-T-©0 4 polydomain state should krg,. This prediction has now to
& N £ 9/’;/9/ ' 1 be confirmed by further electro-optic experiments on RHSe
m; 2000 TR T—8 samples cut at 45° from the, (resp.x;) axis towards the
1T =L §ﬁ9g7 , 1 axis and allowing direct measurements of the coefficiegs
10004+ oc—o~ andr52.
0 20I00 4000 6000 8000 10000 12000 V. CONCLUSION
Permittivity We have shown that the dielectric and electro-optic prop-

erties in the crystal of RHSe are tightly correlated to each
other and closely linked to the domain dynamics. A model
that accounts for the difference in the birefringence between
heighboring domains and the reversal of these domains
yields the relationship between the permittivity and the EO
coefficient and is able to explain the huge values of the EO
supergroup P2) of the paraelectric phase. Since the electricProperties recorded in this material. In this way, we have
field has to be directed close to the ferroelectiiaxis to  Pointed out a particular EO mechanism related to the domain
induce efficient domain reversals, the EO coefficients in-dynamics that could lead to an enhancement of the EO prop-
volved in the domain-related EO effect have to belong to thérties in any materials that possess both ferroelectric and
second column of the Pockels tensor. In this column, twderroelastic properties.

coefficients are allowed by the symmetry of the supergroup:
r,, andrs,. These two coefficients describe the field-induced
tilt motions of the optical indicatrix, around thg axis and

X, axis, respectively, which are defined as the optical neutral This work was supported by Grant No. 6563 from the
lines in the @,b) plane of domain wall$* We have recently Komitet Bodan Naukowych and the Miniseedes Affaires
measuretf the natural tilt angles of the optical indicatrix Etrangees in the frame of the Polish-French scientific ex-
with respect to domain wallé-ig. 6) in polydomain RHSe changes. We are grateful to Roman Tchukvinskyi for his
crystals: at 633 nm the tilt anglg; around thex; axis(2.2° helpful contribution during dielectric measurements taken in
is larger than the tilt anglep, around thex, axis (0.6°.  Wroclaw.

FIG. 7. Correlated dispersions of the dielectric permittivity and
the effective electro-optic coefficient. The experimental points
(circles are directly deduced from the measurement reported in Fig
5. The solid line is a multiple Debye fit involving the same set of
relaxation times for botls andn®r .
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