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Abstract—Ferroelectric probe data storage (FPDS) based
on scanning nonlinear dielectric microscopy is expected
as a next-generation data storage method with its large
potential forimprovement of the recording density. However,
this novel method has a problem of low reading speed.
To overcome this problem, a novel ferroelectric record-
ing medium with large nonlinear permittivity is required
because this data storage method uses the nonlinear dielec-
tric response induced by small-amplitude ac bias to detect
the bit data recorded in the form of polarization direc-
tion. Therefore, this article discusses nonlinear permittivity
enhancement from the viewpoint of data storage application
in the framework of the phenomenological theory. We reveal
that the Curie-point control is one of the key techniques
in material design for FPDS because nonlinear permit-
tivity increases precipitously as the Curie temperature is
approached, as with the linear permittivity and piezoelectric
constants. A similar conclusion is also obtained through
actual measurements of nonlinear permittivity in LiTaO3
single crystals. On the other hand, we also reveal that there
is a tradeoff relationship between nonlinear permittivity and
polarization stability. To avoid this undesirable situation
in data storage applications, pinning-site control will also
be important. We also propose to employ a double-layer
structure in the ferroelectric recording media for further
improvement.

Index Terms— Data storage systems, dielectrics, dielec-
tric constant, ferroelectric devices, ferroelectric films, ferro-
electric materials, frequency control, frequency modulation,
RLC circuits, scanning probe data storage, temperature
dependence.

I. INTRODUCTION

ERROELECTRIC probe data storage (FPDS) based on

scanning nonlinear dielectric microscopy (SNDM), in
which ferroelectric material is used in the recording layer,
has been proposed as a next-generation data storage method
[1]-[4]. In this method, bit writing is conducted through the
application of a local electric field to the recording layer
using an ultrasharp conductive tip as a writing head and
switching its polarization direction. To date, a demonstration
has been reported that the data bit array with a recording
density of 4 Tbit/in> has been successfully written using this
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method with a LiTaOj3 single crystal employed as a recording
medium [3].

One of the most important technical subjects in the research
and development for the practical realization of FPDS is to
improve the readout speed. In ferroelectrics, the electric field
created by spontaneous polarization is shielded by surface
compensation charges, in contrast to ferromagnetics, in which
no unipolar magnetic charge exists [5], [6]. This makes it diffi-
cult to detect the polarization direction directly. Thus, in FPDS,
the polarization direction is detected in an indirect way using
the nonlinear dielectric response while paying attention to the
switching of the sign of nonlinear permittivity €333 depending
on the polarization direction in noncentrosymmetric materials.
However, practically sufficient readback signal intensity has
not yet been obtained, because €333 of the existing recording
media is extremely small [7].

Therefore, the development of novel ferroelectric recording
media with large €333 is the imminent issue in FPDS. However,
€333 has been paid little attention in typical ferroelectric and
piezoelectric applications, and the material design strategy for
tuning €333 has not been established. Therefore, we focused
on this point herein.

First, we formalized nonlinear permittivity based on the
phenomenological theory. Although similar approaches are
found in the earlier studies [8]-[10], we make a discussion
from the viewpoint of the data storage application. We then
conducted experimental measurements concerning the temper-
ature dependence of €333 in LiTaO; single crystals. We also
discuss the influence of the Curie point (7.) on €333 through
comparison between two different types of LiTaO; crystals.
Finally, we discuss the material design strategy to realize
high-speed reading in FPDS based on these theoretical and
experimental results.

Il. PHENOMENOLOGICAL THEORY OF

NONLINEAR PERMITTIVITY

The origin of nonlinear permittivity is understood as
the nonlinear response of polarization under an anhar-
monic potential. The potential curve of ferroelectrics has a
double-minimum shape separated by an energy barrier 4E,
as shown in Fig. 1, which indicates ferroelectric bistability.
This potential curve shows anharmonicity in the vicinity of
the equilibrium point, and the degree of deviation from the
harmonic potential corresponds to the nonlinear permittivity
or nonlinear susceptibility ¥ @ (y® = e333/2¢0).

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Ferroelectric potential (anharmonic potential) curve and harmonic
potential curve.

On the other hand, spontaneous polarization P, is
polarization at the local minimum point of the potential curve.
The curvature of the potential curve at the equilibrium point
accords to ggy, where y is the linear susceptibility and ¢ is
the permittivity of a vacuum. AFE is also an important para-
meter, which is associated with domain switching capability
and domain stability.

The double-minimum potential shape allows us to presume
that y® is not independent of P;, y, and AE, i.e., ade-
quate control of Py, y, and AE is required to enhance
|x@]. (Note that the sign of y@ for typical ferroelectrics is
negative when P; > 0.) Therefore, we derived the expres-
sion for the relationship among these parameters using a
phenomenological approach.

First, we consider the second-order transition model. Using
polarization P, the free energy F at temperature 7 is
given by

ao(T-To) », P .4
7 P+ 4P (1)
where a9 > 0, f > 0, and Tj is identical to 7, in the
second-order transition model.

Using 0F/0P|p—p, = 0 and 0P/OE|p—p, = &0y, the
following equations concerning P; and y are obtained:

Py =\/%\/T0—T 2)

1
= 3
£ 2800!0(T0 - T) ( )
Substituting (2) into (1) by letting P = P, AE is then
written as

F:

ay(To — T)? @)
45 '

On the other hand, by repeating derivation with respect to
P and E, we obtain
o*P
oE?

AE =

+ 68 P 0Py’ +3,8P262P =0. (5

oE OE*
Considering 0> P /0E?|p—p, = 2e0x®, x@ is given from this
equation as

ao(To—T)

1P =3Py} (6)

where we also used (2) and (3) to rearrange the equation. This
equation is known as Miller’s formula [11]. Using (3) and (4),
this equation is rewritten as

o__3Px

_ , 7
X 16 AE @)

Hence, y® is proportional to P; and y, and is inversely
proportional to AE. This corresponds to our instinctive
understanding from Fig. 1.

Moreover, substituting (2)—(4), (7) is also rewritten as

X(Z) _ 3ﬁl/2 1 .
8eoad/2 (Ty — T)>/?

®)

Hence, y @ is inversely proportional to (Ty — 7)/?. Therefore,
the control of 7, is effective to enhance |y®|. (Remember
that Ty = T, in the second-order transition model.) T,
control through dopant addition is a very common method
to enhance the linear permittivity and piezoelectric constants
[12]. A similar strategy is considered to be available for |y ? |
enhancement.

On the other hand, we must pay attention to some tradeoff
relationship when |y ®)| is increased in accordance with such
a concept. According to (7), an increase in P; is effective to
enhance |y @ |. However, even in PbTiO3, which has the largest
Py in typical ferroelectrics known to date, P is approximately
100 ,uC/cm2 [13], and it seems to be difficult to obtain a
novel ferroelectric material that has a much larger Py than
this. This value is no more than twice as large as P; of
the current recording media [e.g., LiTaO; and lead zirconate
titanate (PZT)]. Therefore, a drastic improvement will not be
expected through control of P,. On the other hand, decreasing
AE is an alternative way to enhance |y®|. However, this
approach will also naturally confront the other limitation
because an excessive decrease of AE will cause a severe
problem with regard to data retention. The control of y while
maintaining P; and AE, thus, seems to be the only way to
enhance | y @ | without degradation of data retention. However,
this approach will also confront a similar limitation. In the
second-order transition model, y, P, and AE are not inde-
pendent of each other. These variables are connected by the
relation

P? 9
X RedE ©

Using this relation, (7) is rewritten again as

2 — _37[’33. (10)
128¢9 AE?

This equation indicates that it is difficult, in principle,

to enhance | )((2) | unless 4 E is decreased, i.e., it suggests that

there is a tradeoff relationship between improving the readout

speed and ensuring data retention in FPDS. The specific tactics

to avoid this problem will be discussed in Section IV.

While this discussion has assumed the second-order
transition model, we also reach similar conclusions with the
first-order transition model, except for the change in the
expression of y ®. The free energy for the first-order transition
model is given as

X

a B Y
F=—-P+Lp*y2pb 11
5 + 1 + o (11)
where a = ag(T —Tp), ap > 0, B <0, and y > 0. Unlike the
second-order transition model, 7; does not accord to 7, for

the first-order transition model. In a similar manner, we have
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the following expressions that concern P, y, AE, and y®
in a ferroelectric phase:

/—mm

P, = 12

2 (12)

= : (13)

x= —deoa — 2Beo P?
Jg = PoVB —day 2a+—$2—ﬁ¢ﬁ—4ay
N 4y 3 12y
(14)
X(z) _ _980){2 248(2)){3AE (15)
2P, P}

Equation (15) has a complicated form, unlike (7). This
formula may give a peculiar impression because this for-
mula allows y® to be positive when the absolute value of
the second term is larger than that of the first term, while
the experimentally obtained y ® is always negative [14], [15].
If @ is permitted to be positive, |y ®| must increase with
AE. However, this cannot happen in reality. In this way, (15)
appears to include a contradiction at first glance; however,
the right-hand side of (15) does not take a positive value
when considering the allowed range of each variable, and
thus, |y @®| decreases monotonically with an increase in AE.
Indeed, in the first-order transition model, y, Py, and AE
are independent variables, unlike the second-order transition
model, but the allowable ranges of y and AE are limited as

P
0<y< 2 16
X 880AE ( )
P2
0< AE < —5_. (17)
8eoy

Due to these regulations, the right-hand side of (15) is
confined to be negative. The range of the absolute value of
|x @] is also limited as

3
o) < 3P;

s 18
12850 AE2 (18)

Lx
Therefore, the maximum value of |y®| for the first-order
transition model accords to (10), which is for the second-order
transition model, i.e., the tradeoff relationship between readout
speed and data retention also lies on the first-order transition
model.

I1l. ACTUAL MEASUREMENTS OF NONLINEAR
PERMITTIVITY

The temperature dependence of the nonlinear permittivity
of LiTaO; single crystals was experimentally investigated.
LiTaOs is one of the most important materials for ferroelectric
recording media for FPDS because it is the first material that
achieved a recording density greater than 1 Tbit/in?>. This
material is also advantageous to study intrinsic nonlinear per-
mittivity because high-quality single crystals are available. In
contrast, in measurements of thin films or ceramics, the mea-
sured signal often contains extrinsic nonlinear permittivity
derived from grains and domain boundaries in addition to
intrinsic nonlinear permittivity [7], [16]. The readout speed

Output

Fig. 2. Testing circuit used for the dynamic measurement method.

is associated with intrinsic nonlinear permittivity because it
determines the polarity of each written bit. It is not impossible,
in principle, but difficult to separate the intrinsic component
from the extrinsic component in measurements of thin films
and ceramics. In contrast, measured signals with polarized
single crystals can be regarded to originate from only intrinsic
nonlinear permittivity.

In this study, two types of crystals having slightly different
composition ratios were used. The first crystal is stoichiometric
LiTaO5; (SLT), [Li] [Ta] of which is strictly 1:1 [17].
The second crystal is congruent LiTaOs; (CLT) with
[Li] : [Ta] = 48.6 : 51.4. CLT crystals have many Li point
defects due to the disproportion between Li and Ta. The Li
defects act as pinning sites and have a significant influence on
the domain switching properties. There is a large difference in
the coercive field E. between SLT and CLT (E. < 20 kV/cm
for SLT, and E. ~ 100 kV/cm for CLT [17]). The difference
in the [Li] : [Ta] ratio also has a considerable effect on T.,.
CLT has an 80 °C lower T, than SLT, in which T, is 685 °C.

Nonlinear permittivity measurements were conducted using
the dynamic measurement method with the measurement
circuit illustrated in Fig. 2 [18]. The measurement circuit is
based on a Hartley oscillator with an LC resonator. The LC
resonator consists of two capacitors, Cy; and Cy,, which are
made of the ferroelectric materials to be measured, and two
embedded inductances, L, and L,. The resonant frequency is
given by

A 1

" 22 JIG + C)
where L = L+ Ly, C; = C1Cy2/(Cy1 + Cy2), and Cy is the
stray capacitance. The midpoint of Cy; and Cy; is connected to
an ac voltage source. When a small ac voltage is applied to the
measurement samples, the capacitance changes slightly due to
the nonlinearity of the samples, and the oscillating frequency
fo changes periodically, i.e., the output signal of the oscillating
circuit generates an FM signal. &333 of the sample can be
evaluated quantitatively by analysis of this FM spectrum.

Fig. 3(a) shows an example of measured FM spectra for
CLT at room temperature. The spectrum intensity ratio of the
carrier and the sideband wave gives the modulation index m f,
which is converted into €333 as
Cs + Cy 2833fpmf

Cs f oE p
where f, and E, are the frequency and the intensity of
the ac bias field, respectively, and &35 [= &o(1 4+ yx)] is the

19)

lesss] = (20)
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Fig. 3. (a) FM spectrum by the dynamic measurement method observed
for a LiTaOj3 single crystal. (b) Modulation index my calculated from the
obtained FM spectrum as a function of the applied electric field, Ep.

linear permittivity. (Cy + Cy)/Cy is a calibration factor related
to the stray capacitance [7]. The linear relationship between
my and E, was confirmed for this experiment, as shown in
Fig. 3(b), which suggests that the contribution of an extrinsic
nonlinear response is negligible in this measurement. The
calculated value of &333 for CLT by this measurement was
—0.73 aF/V. (The sign of €333 was determined from the phase
difference between the applied bias field and the demodulated
signal.)

This measurement value can be compared with a value
predicted in a different way. Elimination of AE from (7)
and (9) gives the following relationship:

3e0x?
@ _ 28X 21
X 2P 21
By substituting literature values, y = 42.4 and P, =

60 ,uC/cm2 [17], &333 is estimated to be —0.70 aF/V for
CLT, which is in good agreement with the measurement value,
although the phenomenological formalization contains a rough
approximation.

The measured temperature dependence of &333 for SLT
and CLT is shown in Fig. 4(a). This graph clarified that
|ess3| increases divergently with temperature for both crystals,
as predicted by (8). The difference in the properties between
SLT and CLT is explained by the difference in their 7, values,
i.e., |&333] of CLT increases at a lower temperature because of
its lower T, compared with SLT. In other words, CLT has a
larger |e333| than SLT at a fixed temperature.
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Fig. 4. (a) Nonlinear permittivity €33z and linear permittivity €33 (inset
graph) for SLT and CLT single crystals as a function of temperature T.
(b) Logarithmic chart.

The logarithmic chart of the temperature dependence is
shown in Fig. 4(b). Both the linear and nonlinear permittivities
are plotted linearly on the double-logarithmic chart. However,
the slopes are different: The nonlinear permittivity has a larger
slope and greater dependence on the temperature. €333 for SLT
and CLT is aligned on an identical line in this chart. Note that
the horizontal axis does not represent log 7', but log(7, — T).
Therefore, the difference in €333 between the two crystals is
thoroughly attributable to the 7, shift.

€333 is plotted linearly on the double-logarithmic chart
so that it is expressed as 333 o (T, — T)™*. However,
the experimentally obtained x was 3.5, which disagrees with
the theoretical value of 2.5. The cause of this disagreement has
yet to be determined. Nevertheless, this experimental demon-
stration of the explosive increase of |e333] with temperature
gives important insight for FPDS.
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IV. MATERIAL DESIGN STRATEGY FOR
FERROELECTRIC RECORDING MEDIA

Following the theoretical and experimental results,
we discuss the material design strategy for recording media
of FPDS in this section.

Both the theoretical and experimental results indicated that
the nonlinear permittivity has a large dependence on the
temperature. Therefore, the control of T, through composition
tuning can be an effective means to enhance the nonlinear
permittivity, as found in the comparison between SLT and
CLT. Similar control is realized through dopant addition. In
fact, we confirmed that Sr-doped PZT has a larger ¢333 than
nondoped PZT; the details of this latest study will be discussed
elsewhere.

On the other hand, there is a concern that lowering T,
impairs domain stability, which is unfavorable for data storage
applications. This is the dilemma itself found in (10) and (18).

One of the keys to overcoming this dilemma is a pinning-site
control approach. Remember that CLT exhibits a far larger
E. than SLT without the cost of &333. There is no significant
difference between SLT and CLT, or rather, CLT has a slightly
larger €333 at room temperature, whereas for E., there is more
than a tenfold difference between SLT and CLT. In other
words, the accurate introduction of pinning sites is proved to
enable the domain stability to be improved independently of
the nonlinear permittivity. The difference in the temperature
dependence of ¢333 between SLT and CLT does not exceed the
difference derived from the difference in 7., which suggests
that intrinsic nonlinear permittivity and the pinning-site effect
are essentially unrelated.

Further effects are expected when these two approaches
are integrated into double-layer media. The readback signal
of FPDS is determined by the physical properties of the
uppermost surface of the recording media because the electric
field is highly concentrated in the vicinity of the probe apex
[19]. In contrast, the domain stability is contributed by the
entire recording layer in the thickness direction because the
switched domain must penetrate through the ferroelectric layer
to be stabilized [20]. Considering this, we devised an ideal
structure for ferroelectric recording media. The double-layer
recording media contains a “soft" ferroelectric film with a large
€333 as the top layer and a “hard” ferroelectric film with a large
E. as the bottom layer. This combination will make the most
of the benefits of both materials at the same time. The top
layer will enhance the readback signal intensity. The low E.
of the top layer will not become fatal to data retention because
its domain instability will be compensated by the bottom layer.
The proposed concept is summarized in Fig. 5.

This concept will broaden the range of material selection
because it will allow each layer to be selected indepen-
dently. Although, as repeatedly mentioned, LiTaO3 is advan-
tageous from the viewpoint of recording density, it has not
been regarded as the favorite recording media in single-layer
recording media because of its low &333. However, in the
framework of the double-layer concept, LiTaO3; becomes a
promising candidate for the hard material of the bottom layer.
HfO,-based ferroelectrics, which have attracted increased
attention lately, also do not have sufficient €333, while this

€333
Soft FE

RT T, T.
Curie-point control

Pinning-site control

Large €333, Small E..

Hard FE Small €333, Large E,.

Double-layer media

Fig. 5. Overview of the material design strategy for recording media of
FPDS.

family of ferroelectrics has favorable characteristics in that the
ferroelectricity does not disappear in the very low (< 10 nm)
film-thickness range [21], [22]. The double-layer concept will
also lower the threshold for the adoption of such novel-type
ferroelectrics.

The design freedom of the soft layer will also be increased
by the double-layer structure. €333 is inversely proportional
to (Ty — T)*; therefore, ferroelectrics with T, close to room
temperature have larger €333 by orders of magnitude. However,
domains in such ferroelectrics could be quite unstable. If such
an unstable domain can be stabilized by the underlying hard
layer, then T, of the top layer will be allowed to be lowered
to the vicinity of room temperature. This has the potential
to provide clues as how to significantly improve the readout
speed of FPDS.

When T, is set near the room temperature, the readback
signal from the soft ferroelectrics has a large temperature
dependence. This is undesirable in practical use. To com-
pensate for this drawback, it may be necessary to implement
some kind of temperature compensation circuit. Nevertheless,
since bit readout operation is in principle achieved by sign
discrimination with O V as the threshold, the level fluctuations
in the readback signal are tolerable to some extent.

On the fabrication of the ferroelectric double layer, the soft
and hard layers should have P; with the same magnitude.
Otherwise, the interface has a charge mismatch, which has
a significant effect on the polarization switching. On the
other hand, the control of T, without the change of P is
not easy. This, however, does not mean the difficulty in the
realization of the double-layer recording media because it is
possible to choose a combination of soft and hard materials
having P; with the same magnitude from a wide variety of
ferroelectrics. For instance, PZT and LiTaO3 have ¢333 and E.
with quite different magnitudes, whereas there is no significant
difference between these materials in terms of Py [7], [17],
[23]. Similarly, BaTiO3 single crystals and yttrium-doped
HfO, thin films have the almost same P;, whereas E. of these
materials differ by three to four orders of magnitude [24], [25].

V. CONCLUSION

A methodology for enhancement of the intrinsic nonlinear
permittivity with an aim to improve readout speed in
FPDS was explored. In both the theory based on
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the phenomenological approach and experiments using
single-crystal LiTaOs, nonlinear permittivity is revealed to be
inversely proportional to (Tp—T)* although the specific values
of u are different between the two. Therefore, the Curie-
point control is effective to enhance nonlinear permittivity.
On the other hand, there is a tradeoff relationship between the
nonlinear permittivity and potential barrier, and it seems to be
difficult to improve readout speed without degradation of the
bit retention property. The keys to overcoming this dilemma
will be pinning-site control and double-layer recording media.
We are expectant that the prominent combinations of base and
dopant materials will be found for both soft and hard layers in
double-layer recording media, which will cause a breakthrough
in this field.
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