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We have used a near-field scanning microwave microscope to image domain structure and
quantitatively measure dielectric permittivity and nonlinearity in ferroelectric crystals at 8.1 GHz
with a spatial resolution of Lm. We imaged ferroelectric domains in periodically poled LiNbO
BaTiO;, and deuterated triglycine sulfaeTGS) with a signal-to-noise ratio of 7. Measurement of

the permittivity and nonlinearity of DTGS in the temperature range 300—400 K shows a peak at the
Curie temperature] -~ 340 K, as well as reasonable agreement with thermodynamic theory. In
addition, the domain growth relaxation time shows a minimum figarWe observe coarsening of
ferroelectric domains in DTGS after a temperature quench from 360 to 330 K and evaluate the
structure factor. ©2001 American Institute of Physic§DOI: 10.1063/1.1337600

I. INTRODUCTION image domains by measuring the local sign of the piezoelec-
tric coefficient!*'2 Recently, near-field microwave micros-
Since the discovery of Rochelle salt in 1912?,erroelec- copy has been used to image ferroelectric domsins.
tric materials have been the focus of much research, both in - previously, we described the use of our near-field scan-
materials science and fundamental phySiCS. Recently, this fChmg microwave microscope to make spatially resolved,
cus has shifted somewhat toward ferroelectric thin filmsquantitative linear and nonlinear dielectric measurements at
since they can be utilized in small-scale electronic devicesnicrowave frequencie$*6 In this article, we present the
and require lower voltages for electronically tunable devicesapplication of the microscope to measurements of ferroelec-
However, bulk crystals are still useful for research into thetric materials, including imaging of domains and investiga-
physics of ferroelectric materials. tion of critical phenomena near the ferroelectric transition in
For materials property measurements, a broad range @feuterated triglycine sulfat®TGS), including computation

techniques exist for measuring dielectric propeftfeand  of the structure factor as a function of time after a tempera-
imaging ferroelectric domains. Two of the oldest domain im-tyre quench.

aging techniques include a chemical treatment which prefer-
entially etches domains with one direction of polarization,
and the powder technique, where a colloidal suspension df: PESCRIPTION OF THE EXPERIMENT

charged particles, of a type which is attracted to domains o microwave microscope consists of a resonator con-
with one orientation, Is evaporated onto the face of theaineq in a coaxial cable, as shown in Fig. 1. At one end of
crystal: Numerous other methods have been used as Wellyq resonator is an open-ended coaxial probe with a protrud-
An optical microscope with crossed polarizers can be used g center conductor which is held in gentle contact with the
view domains due to the effects of optical blrefrlnzgjel(rm sample. The other end of the resonator is capacitively
90° domaingand optical rotatiorifor 180° domains”Laser o hjed to a microwave source, which supplies microwave
scattering can be used, because the index of refraction @fo\ver 1o the resonator. Using the reflected signal from the
domain boundaries is different from the domain’s inteFior. resonator, we can determine resonant frequency shifts
Secondary electrons in scanning electron microscopy argq quality factorQ of the microscope resonator, using a
sensitive to the surface potential variations that occur at difsaaqpack circuit’*® The sharp probe tip concentrates the
ferent domain$. X-ray topography can be used dl:Ye to varia- microwave electric field at its tip, causing the microscope’s
tions in the Bragg angle from one domain to the rfeMem-  o5onant frequency ard to be perturbed depending on the
atic liquid crystals in a layer on top of the crystal will align |oc41 propertiegsuch as permittivitye,) of the sample. Us-
with th.e polarization, aI!owmg viewing of_ the dom.aln struc- ing a physical model for the system, we convert frequency
ture with crossed polarizefsA pyroelectric probe involves shift into the local permittivity in the sampf&:16The spatial
locally heating the sample with a laser and detecting the sigp.qoiution is about Lm.

of the pyroelectric currerit Second harmonic generation of In addition, a bias tee in the microscope resonator allows
reflected light is sensitive to the direction of polarization 4 low-frequency local electric field to be applied to the
relative to tr?)e incident beam, when the beam is at an angle {9, mpje permitting measurements of dielectric nonlinearity.
the surface? Electrostatic force microscopy can be used t0gecause no metallic structures are near the probe tip, the
strength of this bias electric field is a function of the probe
dE|ectronic mail: anlage@squid.umd.edu tip radius (which is on the order of Jum), rather than the
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FIG. 1. Schematic of the near-field scanning microwave microscope. Fothe direction opposite tB. This internal electric field causes

simplicity, the feedback loop which produces thé and Q signals is not  the curves shown in Fig.(8 to be shifted along the hori-

shown. zontal axis in a direction which is dependent on the local
polarization. For LINbQ@, with a spontaneous polarization

distance to ground. A heater beneath the sample allows thESZO-” C/nf, this would give an internal field o,

Co =8.0x10° kV/cm. In Fig. 2, the shifts of the curves along
sample temperature to be varied in the range 300-400 K. the horizontal axis are about25 V. Since the applied elec-

tric field in a 1 um® volume under the probe is approxi-
I1l. IMAGING FERROELECTRIC DOMAINS mately 150 kV/cm, the total internal field in the sample is
A. Description of the measurement about_150 kV/cm, rather than 8QL0° kV/cm. In reality,
opposite charges are expected to be attracted to the surface,
To investigate the imaging of ferroelectric domains, Wethereby canceling most of this internal field. Additionally,
scanned a 0.5-mm-thick periodically poled LiNp@rystal.  opposite charges on the surfaces of adjacent domains may
The ferroelectric domains are approximately 4 across  cause some of the field lines to point horizontally rather than

and are in the shape of stripes across the sample which a{grtically, thus decreasing the magnitude of the vertical com-
uniform throughout the thickness of the crystal. The polar-ponent of the internal field.

ization is perpendicular to the plane of the large face of the | order to acquire images of ferroelectric domains, we
sample. _ _ fix the dc voltage bias a¥i°=0 V, and oscillate the bias
Figure 2 shows hysteresis loops that were acquired akith an amplitudé’, at a frequencyo,~ 1 kHz (see Fig. 1

two different domains. For these data, the frequency shiffye eyiract the slopévhich we calldf/dV) of the Af versus
was acquired while the voltage biag, (see Fig. 1 was  ias yoltage curve using a lock-in amplifier referenced at

swept_ continuous_ly in a triangle wave at a frequency 2-9%%. As shown in Fig. 2, a positive slope indicates a region
le’dw';hlgg ekl\r;}plltu_de of 1|00 Vi 9""29 an ?%/eragebelictrlcwith polarization down, while a negative slope means the
1eld 0 .thm avo ymle Jum® near the probe r:p.f olarization is up. The magnitude dff/dV is the convolu-
Forty consecutive hysteresis loops were averaged. The frgi of o effects, the dielectric nonlinearitwhich changes

quency shift (which depepds on t'he'permittivity ,Of thg the slope of the curves in Fig),2and the magnitude of the
samplé changes with applied electric field due to dielectric polarization (which affects the internal field and therefore

nonlinearity” - shifts the curves along the horizontal axis in Fig. 2
The curves in Fig. 2 have the same shape, except that

they are shifted along the horizontal axis. This shifting can _

be explained as followésee the insets to Fig) 2Because of ~B- Lithium niobate

the discontinuity in the polarizatioR at the surface of the Shown in Fig. 8a) is an image of an 8880 um? region
sample, an effective chargeis at the surface of the sample, of the LiNbO; sample. As shown in the color bar, the shades
given by o=P-n, wheren is a unit vector normal to the of gray indicate the derivative signdf/dV. The white areas
surface!® This surface charge produces an effective inter- havedf/dV<0, meaning the polarization is uput of the
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FIG. 3. Images acquired at 8.1 GHz showing ferroelectric domain structure df/dV Slgnal V)
(a) and permittivity contrast through the frequency shift of the microscope . . . . . )
(b) in a 80x 80 un? region of a LiNbQ crystal. FIG. 4. Nonlinear dielectric response image acquired at 8.1 GHz showing

domains in a 9860 um? region of a BaTiQ crystal.

D. Deuterated triglycine sulfate

page, while the black areas have polarizati_on dowp. Images o terated triglycine sulfate, (NBD,COOD); D,SO,
of the opposite face of the sample result in the sign of th.eéDTGS) has aT¢ of ~335 K2 It is an order-disorder ferro-
df/dy. signal being Te"ersed* proof that th's. measurement 13 o cric with a second-order transition. The polarization is
sensmve to the vertical component of_ p(_)larlzatlon. uniaxial, along thd010] axis.

Figure 3b) shows a frequency shift image of the same Shown in Fig. 5 are domain imagedf(dV) of a 5.5-

region as(a). The permittivity of differgnt QOmains appears mm-thick DTGS crystal, acquired at 307 K. The images
to be the same, regardless of the direction of p_olanzatlonShOW a 20¢ 20 um? region of the sample. TH®10] axis is
However, t.he. domain boundg_nes clearly appear in th_ese freriormal to the surface in these images. By applying a dc bias
gue?r::y Sr."ft |mages._ln addmon,hother Images acgwtrﬁd USalectric field to a ferroelectric crystal, it was possible to
INg the microwave MICroSCope show an INcrease in the Mg, ;- e polarization of a region of the sample, which can
croscopd localized at the domain boundaries. Atomic force only be in the(010) or (010) directions. The original image

microscope images of the sample show that a 60 nm hing a 20x 20 um? region of the DTGS sample is shown in

step of width=<200 nm exists at the domain boundaries. . . o
) . . _ Fig. 5(a). After acquiring this image, we placed the probe at
Thus, the change in frequency shift and increas® iat the the point marked by a " in (a), and applied a bias of 70

domain bom_mdaries_ could be due to less material being N€& to the sample for about 1 min. After bringing the dc bias
the probe tip when it approaches a downward step at domain

boundaries. Similar topographic features have been observed
in microwave microscope images on the surface of
PbTiO,.2°

C. Barium titanate

Barium titanate, a perovskite which is tetragonal below
the Curie temperatureT¢) of 390 K! can be polarized
along any of its three perpendicular crystal axes. Figure 4
shows a microwave microscope image of a region of a
BaTiO; crystal where long, narrow domains join together
near the center of the image. Because BgTtighds to have
90° domains rather than 180° domains, neighboring domains
alternately have polarization in the horizontal and vertical
directions! Thus, the black regiondargedf/dV) in Fig. 4
have polarization down, while the white regiorismall
df/dV) have horizontal polarization. The white regions in
Fig. 4 with horizontal polarization have no surface charge
due to the absence of a discontinuity in the normal compo: |G. 5. Switching of a ferroelectric domain in a DTGS crystal'at300 K
nent of the pOIanzatlor? at the C.ryStaI surface, and he_nce n mages, at 8.1 Ggll—iz, are of the same<2ZD um? region. Afteyr acquiringa),
normal component of internal field to cause the shifting ofy yositive bias was applied at thesign. After acquiringb), a negative bias
the curves shown in Fig. 2. was applied at the- sign.

0 dfldv
signal (V)

-10
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FIG. 7. Inverse electric susceptibility E/(—1) vs temperature in DTGS at
8.1 GHz. The two lines are fits below and abdlge=340 K. Inset:e, vs

. . _ temperature.
FIG. 6. Hysteresis loops of frequency shifhore negative frequency shift

corresponds to larger permittivitpf DTGS at three different temperatures:
(a) 307, (b) 330, and(c) 350 K. The Curie temperature is approximately
335 K.

DC bias V,%(V)

ization: in (a), the minima are farther apart than (ib), evi-
dence that the polarization is larger farther belBy. In (c),

the slope ofAf vs VI is approximately zero avi°=0, as
voltage back to 0 V, we acquired the image shown(kjp expected abov@..

The polarization in the region outlined by the dotted line has _
switched directions. Next, we applied a bias-670 V to the - Measurement technique

point in (b) marked by the+, and after about 1 min brought To investigate the critical behavior of the permittivity of
the bias back to 0 V. The image (n) shows that the region DTGS, we converted the frequency shifts from the hysteresis
outlined by the white dotted line has once again reversetbops into quantitative permittivity and tunability. Since the
polarization to look much like the image fi). measurement is sensitive to both horizontal and vertical
It is not surprising that only a small portion of the do- components of permittivity, we had to make an assumption
main in Fig. §b) is switched by applying a bias voltage to about the sample permittivity tensor. At low frequency at
the probe tip, since the bias electric field is concentrated oveeast, the permittivitye, in the (100) and (001) directions is
atiny volume~1 um?® near the probe tip. In fact, sometimes relatively constant in the temperature range 300—400 K at
applying an electric field leaves the domain structure unafe(1%0=9 ande(°Y=522Thus, with the(010) axis normal to
fected. For example, when we placed the probe near the cethe top face of the sample, we were able to assume the hori-
ter of the white region in the middle of Fig(&, and applied  zontal component of permittivity to be constant; we took its
a bias of +70 V for 1 min, the resulting image was un- value to be 7. Using a finite element modéf'® taking the
changed. This is probably because we were applying theomponent ok, along the(010) direction to be the unknown
electric field to an area near the center of a large domainguantity to be measured, we were able to measure the zero-
where switching polarization requires more energy than in dield permittivity {°'”> as a function of temperature, as
region near a domain boundary. shown in the inset to Fig. 7. The permittivity peaks in the
range 340—-350 K. This is slightly above the expected Curie
temperaturd -~ 335 K, probably because the top surface of
the 5.5-mm-thick sample is slightly cooler than the measured

. . . o temperature of the heater sta@ee Fig.
Figure 6 shows hysteresis loops in the permittivity at the P agee Fig. 1

same location on a DTGS crystal, acquired at three different _ _
temperatures, 307, 330, and 350 K. At all three temperature8. Thermodynamic theory and Curie constants

the microscope resonant frequency increases with increasing  gefore quantitatively discussing the behavior of DTGS
electric field magnitude, indicating that the permittivity goeSearT .. | we will review some of the relevant theory of fer-
downlwhen an electric field is applied; this is the expectedglecirics. Following the phenomenological thermodynamic
result: At 307 K, there is a large amount of hysteresis. Aty of Devonshiré?® for a uniaxial ferroelectric with a
330 K, just below the Curie temperature ©835 K, there is  ytential which is symmetric in polarizatio®, we can ex-
very little hysteresis. At 350 K, in the paraelectric state, thereband the free energy in powers of the polarization

is virtually no hysteresis, and the curve has flattened out at

its base. The horizontal positions of the minima in Fig. 6 2. Y4, O 6
. o . . +—=P*+ <P°+
give some indication of the relative magnitude of the polar- F 2 P 4 P 6 PPHR(TX),

IV. TEMPERATURE-DEPENDENT MEASUREMENTS
WITH DTGS

a

@
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wherea, vy, and § are material-dependent parametérss
the temperature, and is stress. The electric fiel is

E= A P+ yP3+5P° 2

For a second-order transitioisuch as with DTGS y
>0, so that a double well exists iR(P) below T and a

D. E. Steinhauer and S. M. Anlage

C.
C.

For many materials, such as BaRiOEq. (8) is accurate.
However, in DTGS, due to the larger thermoelectric effect in
DTGS (the thermoelectric coefficient for TGS is approxi-
mately five orders of magnitude higher than for Ba3)itd

the constant-temperature assumption is invalid. The mea-

-2 (8

single well aboveTc. Also, the higher order term is not syrement is adiabatic rather than isothermal, requiring an ad-
required for representing the transition, so we restrict ourgitional term in Eq.(8):%%%’

selves to the first two terms in the expansion.
For the temperature dependence, we take

a=p(T-Tc). ()
The relative permittivity is then

L sy 4
aP-1 P TP @
Above T¢, P=0, giving the Curie-Weiss law
1 1 C
69—1: _——= = = y
o B(T_Tc) T_TC

T>Te, (5)

where e? is the zero-field permittivity. The parametér.

=1/B is the Curie constant fofF >T.

The Curie constan€~ can be found from our data by
plotting 1/(e,— 1) as a function of temperature, as shown in

Fig. 7. The straight lines are fits above and below. The

lines cross the horizontal axis at 340 K, which we take to b

~-2.4, 9)

wherec, is the heat capacity per unit volume at constant
polarization.

From the linear fits in Fig. 7, we find the ratio of slopes
to be —2.7, in close agreement with the theoretical value of
— 2.4, and well within the range of values published previ-
ously, —2.3 to —4.2, based on measurementsepfT) for
frequencies below 50 kHZ:?’

C. Critical slowing down of dielectric response

The data in the inset to Fig. 7 flattens out ndaf,
reaching a maximum of onlg,~22. This differs signifi-
cantly from low-frequency data in the kilohertz range, which
shows a peak ir,(T) several orders of magnitude higher, in
the range 18- 10°.?2252’Our own measurements at frequen-
cies less than 1 MHz show a peakédf(T) of approximately

x 10°. We attribute the difference between kilohertz and

the temperature measured by the temperature sensor when

the sample is al. Because the sample is thi¢k.5 mm),

the top surface is expected to be at a lower temperature th
that measured by the sensor, explaining why the measur

Tc (340 K) is greater than the expectd@ of ~335 K

From the slope of the linear fit foF >T., we find the Curie

constantC. =360 K. Previously reported values f@- in

microwave measurements f(T), at least in part, to dielec-
tric critical slowing down. When the measurement period
e inverse of the measurement frequenisyshorter than

e[ e relaxation time of the polarizing distortion of the crystal

lattice, the rf electric field cannot fully polarize the lattice
because the ions move too slowly to keep up with the driving
field. As a result, the measured susceptibility at high fre-

DTGS are in the range 1900—3000°%%°5-8 times larger
than our measured value. This disagreement could be due
a variety of reasons. First, our measurement is at high fre- . . .

quency, which has the effect of dielectric critical slowing D- Dielectric nonlinearity

down (see Sec. IV ¢ Second, the finite size of the sample,  |n addition to the linear permittivity, the behavior of
and the fact that we are measuring the permittivity over TGS near the ferroelectric transition can also be investi-
small volume, would suppress the pealej(T). Finally, the  gated by looking at dielectric nonlinearity as a function of
mismatched capacitor electrod@splane on the bottom and temperature. Using hysteresis loops like those shown in Fig.
a sharp probe on the tpjare expected to cause an internal g we can measure the dielectric nonlinearity by defirirg
bias field, which cannot necessarily be removed by applyings the change in permittivity upon application of 40 V to the
an external bias. All of these effects would tend to flatten 0U%amp|e through the microscope t|p Shown in F|g Rt.s as

the curve in Fig. ) nearT¢, forcing us to obtain the linear 5 function of temperature. Unlike the permittivitfig. 7),

guency is suppressed.

fits over a larger temperature range on either sid& of
From Eg.(2), the spontaneous polarization is

B(T—Tc)
Py=Pleo=— """ ®)
Y
Substituting Eq(6) into Eq. (4), we get
e—1= ﬁ, T<Tc. (7)

Thus, the Curie constant beloW is twice that abové :

the nonlinearity has a sharp peak, at 340 K. This valud for
agrees with the linear fits shown in Fig. 7. Thus, we conclude
that the ferroelectric transition in the DTGS sample occurs
when the temperature sensor reads 340 K, which probably is
higher than the actual temperature of the top surface of the
sample, as explained earlier.

Our measured tunabilityNe, /€,) reaches a maximum
of ~2.5%, which differs from measurements that involve
uniform fields, such as with a parallel-plate capacitor, since
the electric field in our case is nonuniform, and concentrated
in a tiny volume of the sample. For example, TriebwaSser
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FIG. 8. Dielectric nonlinearity £ €,) upon application of a 40 V bias as a
function of temperature in DTGS at 8.1 GHz.

measured a tunability greater than 50% for an electric field of
6 kV/cm. On the other hand, we measure a tunability of
2.5%, with an average field in a volume ofum® beneath
the probe tip of 140 kV/cm. We believe that this large dif- T . , T r
ference is due to our measurement of the permittivity aver- 0 5000 10000 15000
aging over a larger volume thangdm®. Also, our bias elec-
tric field has a component in the horizontal directfomhich E? (kV/em)?
is not expected to contribute to the measured tunability. FIG. 9. The function¢(E) as a function of the square of the estimated
Taking the permittivity data similar to that shown in Fig. electric field in a 1um? value below the tip for DTGS at 8.1 GHz. The data
6(c) for T>T, we can investigate dielectric nonlinearity in for each temperature have been offset vertically for clarity. Solid symbols
a more quantitative way by following the method of Cach are fpr increasing electric field, while open symbols are for decreasing elec-
et al28 Combining Eqs(2) and(4), eliminatingP, we obtain  "° field.

EE)=X2(E)+3axg(E) —4a’=27yE%, (10
. ) o . To quantitatively measure ferroelectric domain relax-

where ye=1/(¢; —1) is the electric susceptibility, and is 445 times, we used the following procedure. First, we
the zero-field electric susceptibility, both of which are Mea-paated the sample, a 0.5-mm-thick DTGS crystal, to 360 K,
sured quantities. Equatiofi0) gives us a quantitative rela- well aboveTc, and held it at that temperature for 20 min.
tionship for the functional form foe,(E). The graph of the Then we cooled it to the measurement temperature and be-
function ¢(E) vs E? should be a straight line, the slope of gan repeatedly imaging a 340 um region of the sample.
which i,S proportional to the parameterin the f_ree ENergy  gach image took 25—35 min to complete, so data points are
expansion, Eq(1). These results are shown in Fig. 9 for approximately 30 min apart. After acquiring the images, we
temperatures from 340 to _365 K'_AS expected, _the_data apﬁlotted a histogram of thdf/dV data for each image. Ex-
pear to be along straight lines, with a slope which is Someémple images and histograms are shown in Fig. 10aln
what independent of temperature. From the slopes of thﬁ1e sample was abov&c (at 380 K for this image No
linear fits, we calculate the parametes(1.6+0.3)x10° oo "o present, and/dV~0 everywhere. The histo-
vVm®C 3. This qifferssfror;"l Cach’s low-frequency r8esul_t for gram to the right of irhagea) shows that thel f/dV data are
TGS, y~6x 10" Vm®C"* by about a factor of 257 This  contered at about 0 V. Imagb) was acquired immediately
sizeable discrepancy is probably mainly due to the SUPxfier the sample reached 330 K, bel@w. Many long, nar-
presgedsr at high frequency resulting from d?elect_ric critical . 5\v domains are visible. The histogram shows a wide peak,
sIowmg QOwn(see Sec. I\,/G: and the nonuniformity of the which does not yet appear to have separated into two peaks
electric field around the tip. representing the two directions of polarization.(t), taken
30 min later, some of the domains have joined together. Fi-
nally, in (d), acquired 210 min aftefb), the narrow domains
seen in(b) have joined together to form a small number of

A third way to investigate ferroelectric critical phenom- wider domains. The histogram to the right (@) shows two
ena is through domain formation. When a ferroelectric crysdistinct peaks, representing the two directions of polariza-
tal is cooled from abovd . to below T¢ in a temperature tion.
guench, it takes a finite time for domains to nucleate and To compare ferroelectric domain relaxation times in
stabilize in the lowest-energy configuration. DTGS as a function of temperature, we fit the histogram data

V. FERROELECTRIC DOMAIN GROWTH IN DTGS
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FIG. 11. Ferroelectric domain relaxation time for DTGS as a function of
guench temperature, showing a minimum néar- 335 K.

Counts

quickly relaxes to its lowest-energy state n&at, resulting
in the shorter domain relaxation times nebBg seen in
Fig. 11.

The growth of domains with time after such a tempera-
ture quench through a phase transition is called coars&hing
and can be described quantitatively using the time-dependent
structure factor

Counts

S(|I’2—r1|,t)=<q§(r1,t)¢(r2,t)>, (11)
5 0 5 where ¢ is the order parametépolarization), and the aver-
dfjdv signal (V) age is taken over all pairs of data points andr,. The

structure factor is expected to scale with time with a power

FIG. 10. Domain formation in DTGS at 330 K at 8.1 GHz. Images are of thelaw dependence
same 4X 40 um region of the sampld€a) Image acquired with the sample
at 380 K. The other three images were acquifi@d0, (c) 30, and(d) 210 S(|I’| )= X(|r|/tv), (12

min after the sample was cooled to 330 K. The histograms to the right of the . .
images show the gradual transition from a single peak centerdd/d/ wherev is a positive exponent. In other words, the charac-

=0V, to two separate peaks representing the two directions of polarizatiorteristic length scale of the domain correlatidm;-t”, will
The colorbar scale for the images is shown beneath the histograms. grow with time. In our case, we expect tdé/dV signal to
be a measure of the order parameier and plot S(r,t),

¢ hi ¢ . . h ) wherer is taken to be the componentigf—r, perpendicular
or each image to a function containing the summation Oftg the long axis of the domains seen in Fig. 10. The analysis
two Gaussian curves with amplitudég and A, with A, ¢ e images in Fig. 10 is shown in Fig. 12. The initial data

>Az. Then, we plotted the amplitudg, of the largest peak 5 4 show a shorter periodicity in radial distance than the

for each image as a function of time, and fit this functiony .. -+t—30 and 210 min. as expected from the scaling
. . _ _ 7t/t ) 1
to a decaying exponentialAy(t)=Ao—be "o, where  popavior anove. Because the data at 30 and 210 min have a

AhOa fb a”?to aredflttmg par?met.ers. We to}fﬂér(]-r) to bel similar periodicity, it appears that most of the coarsening
the Terroelectric domain relaxation time of the crystal at,qqreq during acquisition of the first two images} &0
temperaturer. and 30 min

Figure 11 shows the relaxation tintg as a function of
temperature. The domain relaxation time appears to have 3 CONCLUSIONS
minimum nearT -~ 335 K, although the precise temperature
of this minimum (and the minimum relaxation timés un- In conclusion, we have used a near-field scanning micro-
certain due to the scan tini80 min) being comparable to the wave microscope to make dielectric measurements of ferro-
minimum relaxation time(15 min). This behavior can be electric materials, allowing us to image one component of
explained using the thermodynamic model presented in Seferroelectric polarization in LiNbg, BaTiO;, and DTGS.
IV B. The barrier between polarization states in the free enThe measurement of dielectric permittivity and nonlinearity
ergy decreases ab: is approached from below, reaching at 8.1 GHz as a function of temperature showed a pedk at
zero atT¢. As the height of this barrier decreases, less enand reasonable agreement with theory. In addition, domain
ergy is required to switch the polarization of a unit cell. growth relaxation times showed a minimum near the Curie
Consequently, the crystal’s domain structure more easily antemperature.
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FIG. 12. The structure fact@(r,t) of thedf/dV images shown in Fig. 10
at three different times after a temperature quench from 380 to 330 K.
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