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The dielectric properties of hexagonal lithium iodate (a-LilOs) single crystals have been studied at
frequencies 102 Hz < v < 10° Hz and temperatures 100 K < T < 500 K. Pure and iron doped crys-
tals were investigated. Below approximately 10 kHz, the electric response of the LilO3 crystals is
almost entirely dominated by the accumulation of space charges at the electrodes. At least two
types of ionic charge carriers seem to contribute to the observed conductivity. In addition, dc mea-
surements revealed that electronic conductivity cannot be neglected in a-LilO3. At frequencies
above some 100 kHz the real part of the conductivity ¢’ follows a power law ¢’ ~ v* with relatively
small exponents s for both, the doped and the undoped compounds. The temperature dependence
of ¢/ in this region behaves thermally activated with two energy barriers. The high-frequency limit
of the dielectric constant & has been determined. In addition, the data have been evaluated using
the modulus formalism.

1. Introduction

The alpha modification of lithium iodate (a-LilO3) has attracted considerable attention
in the past years due to its piezoelectric [1, 2], acousto-optic [2], and nonlinear optical
properties |3, 4], which make this material well suited for ultrasonic applications, for
laser technologies, and optoelectronic devices. At room temperature LilOz reveals a he-
xagonal closed packed structure (a-phase) with Li* and I°* ions occupying oxygen octa-
hedral interstices [5]. It undergoes two phase transitions, into an orthorhombic structure
{(y-phase) and into a tetragonal structure (B-phase) [6]. Even at room temperature, a-
LiIOs exhibits a considerable and strongly anisotropic ionic conductivity. It is several
orders of magnitude higher along the c-axis than along the a-axis {1, 7, 8]. The conduc-
tivity is mainly due to lithium ions, at least along the c-axis [9 to 12]. In this work, the
dielectric properties were studied for hexagonal lithium iodate along the c-axis.

It is known that LilOj; is sensitive to the growing conditions, namely the tempera-
ture and the pH value of the original solution. These conditions affect the electrical
[13], optical [14 to 16], and structural properties [6, 17]. The pH value is closely re-
lated to the presence of hydrogen impurities in the lattice [14]: iodic acid (HIO;) and
inclusions of HyO have been detected. In optical absorption studies these impurities
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can be identified [14 to 16, 18 to 21]. From these investigations, it is clear that HIO3
is only present for growth conditions with solutions of pH < 5, and HyO seems to be
present for pH values > 5 to 6 only. '

The best way to describe the presence of hydrogen in the lattice is by means of a non-
stoichiometric compound of the type Lij_,H,IO; [22]. Hamid and coworkers [22, 23]
studied the dielectric behaviour of this compound for different values of  in the range of
5 to 500 kHz, and identified a high dependence of the dielectric constant and the resistiv-
ity on the hydrogen concentration . There are various reports on the conductivity and
dielectric properties of a-LilO3; using dc and ac techniques covering a frequency range
from 0.05Hz to 1 GHz [1, 2, 7 to 9, 13, 19, 22 to 31]. However, it is difficult to get a
conclusive picture of the electrical properties of a-LilO3 from these reports which have
been obtained on crystals grown under different conditions and using different electrode
materials. In addition, the presentation and interpretation of the data are often incom-
plete or even misleading, the main difficulty being the neglect of the influence of space
charge effects in this ionic conductor. Therefore, we performed dielectric measurements of
o-LilO;3 (undoped and doped with Fe) along the hexagonal c-axis in a broad frequency
range of 1072 Hz < v < 10° Hz and at temperatures 100 K < T < 500 K. Special care has
been taken to clarify the influence of space charge accumulation at the electrodes in this
material by investigating samples of different thickness. Below approximately 10 kHz, the
electric response of the LilOj crystals was entirely dominated by blocking electrode ef-
fects. At higher frequencies the ac conductivity reveals a power law behaviour, o ~ v?,
with a relatively low frequency exponent s < 0.2 as sometimes found in ionic conductors
[32, 33]. The results in the charge dominated region give rise to the assumption of at
least two types of ions as charge carriers in o-LilOj3. In addition, the dc measurements
provide experimental evidence that electronic conduction plays a role in a-LilOj too.

2. Experimental Procedure

a-LilOj3 crystals were obtained by reacting stoichiometric balanced quantities of LiyCOs3
and HIOj, followed by slow evaporation at 40 °C of the resultant lithium iodate aqueous
solution. The mean crystal growth rate along the c-axis was 0.6 mm/day. The iron
doped samples were obtained by adding FeCl; to the solution, and the final iron doping
was 93 ppm (mol). The literature is ambiguous about the position of Fe3 ions in the
lithium iodate lattice, but it seems that they substitute both Li* and I*® ions, the Li*
substitution being more probable [34 to 38].

Since there was no HIO; excess in the original solution for the iron free samples it is
possible to say that the undoped samples were grown in neutral environment, i.e., with
pH around 7. On the other side, some HIO3 had to be added to the solution of the iron
doped crystals to prevent iron to precipitate. Anyhow, comparison of the measured fre-
quency response of the dielectric constant at room temperature with that from [13] al-
lows us to confirm our estimate of the pH value. Using the data from [22, 23] it was
possible to obtain the hydrogen concentration z of our samples: 0.16 for undoped, and
0.25 for Fe doped.

The conductance and capacitance were measured in broad frequency and temperature
ranges employing different experimental set-ups. For the range 0.01 Hz to 10 kHz a fre-
quency response analyser supplemented with a high impedance preamplifer was used
(Schlumberger 1260 and Chelsea interface).. The frequencies 5 Hz < v < 13 MHz were
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studied using the autobalanced bridge HP 4191A. The high frequency range, 1 to
1000 MHz, was covered with an HP 4191A impedance analyzer [39], and the dc measure-
ments were performed using an HP 3457A multimeter. As contacts silver paint or sput-
tered gold films were applied on both sides of the samples. All measurements have been
performed with the electric field directed parallel to the c-axis. Most of the measurements
were performed in a nitrogen gas heating system covering the temperature range of 100
to 500 K. In addition, a closed cycle refrigerator and various ovens were used.

3. Results and Discussions

In Fig. 1 and 2 the dielectric constant (upper parts) and the conductivity (lower parts)
are shown as a function of frequency for several temperatures and for both, an undoped
(Fig. 1) and an iron doped sample (Fig. 2). The results have been obtained using three

T
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]
Iogme

log 10 [6' (Q-lcm-1)]

log  [v (H2)]

Fig. 1. Frequency dependence of the real parts of the dielectric constant (upper part) and of the
conductivity (lower part) of a-LilO; for various temperatures (double logarithmic plot). The inset
shows a magnified view of the dielectric constant at high frequencies
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Fig. 2. Frequency dependence of the real parts of the dielectric constant (upper part) and of the
conductivity (lower part) of iron doped a-LilO3 for various temperatures (double logarithmic plot)

(Fig. 1) or two (Fig. 2) different experimental set-ups. The slight offset of the £ (v) data
obtained at high frequencies (1 MHz to 1 GHz) can be attributed to parasitic capaci-
tances inherent to this method. At high frequencies, v > 1 MHz, and below room tem-
perature, piezoelectric resonances were observed but are not shown in Fig. 1 and 2. The
overall behaviour of & (v) can be characterized by a large increase with decreasing fre-
quency with a tendency to saturate at low and high frequencies. The point of inflection
shifts to higher frequencies as the temperatures increases. After approaching a satura-
tion value for low frequencies, a second increase sets in which is most clearly seen at the
highest temperatures investigated. The conductivity ¢’(v) increases with increasing fre-
quency. At high temperatures (T' > 350 K) the conductivity exhibits a plateau at low
frequencies, and at 449 K for the undoped sample a further decrease of o’ (v) is seen
below 0.1 Hz.

To investigate the nature of the results described above we performed measurements
for crystals with varying thickness. In this way a significant change of the frequency
dependence of ¢ and o/ was observed for frequencies v < 10 kHz. Fig. 3 shows the results
obtained at room temperature for two crystals with different geometrical capacitances.
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T T T T T T Fig. 3. Frequency dependence of the
real parts of the dielectric constant
o-LiIO (upper part) and of the conductivity
3 (lower part) at room temperature
(double logarithmic plot) as obtained
on two samples of a-LilO3 of differ-
ent thickness d. The solid lines are
C the results of least-squares fits using
n | the equivalent circuit indicated in
the figure. Here CPE denotes a con-
stant phase element to simulate the
n blocking electrodes. The sample re-
sponse is modeled by a lossy capaci-
tor
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Clearly, the increase of £'(v) and the decrease of ¢’(v) shift to higher frequencies when
the sample thickness is reduced. This finding is indicative of blocking electrodes which
arise from the accumulation of ions near the electrode upon applying an electrical field.
Blocking electrodes have already been observed in earlier works on a-LilOs [1, 24, 26].
Effects of electrode polarization should occur at the higher frequencies, the thinner the
sample is, as indeed is observed in Fig. 3. In addition, as the mobility of the ions in-
creases with temperature, the blocking electrode effects should occur at higher frequen-
cies for higher temperatures, again in accordance with the results of Fig. 1 and 2. The
data of Fig. 3 have been fitted using the equivalent circuit indicated in Fig. 3. Here a
parallel RC circuit describes the intrinsic sample properties (R and C have been as-
sumed to be frequency independent). For the electrodes a constant phase element (CPE)
has been assumed as it is commonly used for the description of blocking electrodes [40].
For the CPE the admittance is given by Y = A(iw)®. The solid lines are the result of
least-squares fits using this equivalent circuit. A reasonably good description of the data
has been achieved. Deviations of fit and data are mainly due to the slight frequency
dependence of the intrinsic sample properties and the deviations from CPE behaviour at
low frequencies. The geometry corrected parameters are: gy, = 7.7 x 10* Q cm,
e=13 A=96x10°Q  ecm 1%, a=0.55 for sample thickness d = 0.30 mm and
04 =13%x10°Qecm, 6=13, A=18x10°Q ' em s, a=0.6 for d=0.55mm.
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We conclude from these experiments that the electrical response of the a-LilOj crystals
below 10 kHz is completely determined by electrode effects.

However, the additional increase of €'(¥) and the saturation of ¢’(») at low frequencies
and high temperatures as indicated in Fig. 1 and 2 cannot be explained using the above
equivalent circuit. The saturation of ¢’(v) is indicative of an additional conduction con-
tribution which takes over when the main charge carriers which have been shown to be
Lit ions [9 to 12] are blocked by the electrodes. From an Arrhenius plot of the satura-
tion value of ¢’ we obtained an energy barrier of 0.99 eV. The additional increase of
¢'(v) and the onset of a decrease of 0'(v) seen for the undoped sample at 449 K can only
be explained assuming a second blocking of the electrodes due to a different kind of ions
with a lower mobility than that of the Li* ions. In this context it is interesting that
there are reports of hydrogen ions contributing to the conductivity in LilOj [12, 41, 42].

From the above discussion it is clear that only at frequencies above 10 kHz the bulk
electric properties of o-LilO3 are measured. In this range the dielectric constant ap-
proaches its high frequency limit &, (Fig. 1 and 2). The temperature dependence of &4,
is shown in Fig. 4. For both samples &, is only weakly temperature dependent. In the
double logarithmic representations of Fig. 1 and 2 the conductivity at high frequencies
exhibits a slow increase with constant slope, i.e., it can be described by a power law
d ~v® with s = 0.16 for undoped 0-LilO3 and s ~ 0.06 for a-LilO;:Fe. Such a beha-
viour has been termed low frequency dispersion (LFD) and is often observed in ionic
conductors at low frequencies [32, 43, 44]. Usually at high frequencies there is a transi-
tion from LFD to a power law with a considerably higher slope, s > 0.5 [32], which can
be attributed to conduction by hopping processes [32, 45, 46]. However, this hopping
region obviously does not occur in o-LilO3 in the frequency range investigated (Fig. 1)
and in 0-LilO3:Fe only at temperatures below around 200 K (Fig. 2), leaving LFD as
dominant process up to frequencies of 1 GHz. Jonscher {32, 44] proposed electrochemical

13 v Y r T —r -—
12| oLilo

undoped sample |

9t iron doped sample

i

300 350 400 450 500
temperature (K)

Fig. 4. Temperature dependence of the high frequency limit of the dielectric constant for undoped
and iron doped o-LilO3
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processes as origin of the LFD behavior but up to now there is no commonly accepted
theoretical explanation for LFD. In the frequency dependence of the dielectric constant
the LFD should show up as power law, ¢ ~ v*~! [32]. However, in our measurements
the detection of this power law is hampered by the dominating &, and by blocking
electrode effects.

To investigate the temperature dependence in the region of the intrinsic sample re-
sponse we plotted o’T versus the inverse temperature at 100 kHz (Fig. 5). This plot
should give a straight line for the dc conductivity of an ionic conductor according to the
simple model of Lidiard [47]. For temperatures T > 280 K straight lines are observed for
both samples. The activation energies obtained from the slopes are: 0.32 eV for the un-
doped sample and 0.30 eV for the iron doped sample. At lower temperatures the slope
changes significantly with activation energies of 0.17 and 0.14eV for LilO3 and
LilIOj : Fe, respectively, which are approximately half the values at higher temperatures.
Such a behaviour is often observed in ionic conductors and can be understood assuming
that at high temperatures the conductivity is determined both by the activation energy
for the motion of an ion from one potential well to another and by the activation energy
for the formation of a “free” ion [47]. At low temperatures only the activation of motion
dominates the temperature dependence of o’. The deviations from linear behaviour seen
in Fig. 5 at the lowest temperatures may well be due to the onset of hopping conduc-
tivity. We want to mention that a similar behaviour as shown in Fig. 5 has been re-
ported by Abramovich et al. [29] for crystals grown from a solution with a pH value of 2.

Now, we want to give an alternative representation of the ac data presented above
using the modulus formalism [48, 49]. The electric modulus M is defined as the inverse
of the complex dielectric constant. It is well known that the representation of the dielec-
tric data as M(v) suppresses the effects of blocking electrodes which makes it especially
well suited for the data presented in this work. However, we have a mention that there
is a large controversy about the use of this representation and the interpretation of di-
electric data connected to it [49, 50]. Fig. 6 shows the frequency dependence of the ima-

v T T 1 ' 1
PIR N v =100 kHz

& o LilOyFe

©  undoped LilO,4

"

-4 Fig. 5. Arrhenius plot of the real
part of the conductivity multiplied
by the temperature for undoped

log, [6'T (KQ'em™)]
A

o] and iron doped o-LilO3 at 100 kHz.
°5 The solid lines indicate thermally
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SIS S Fig. 6. Frequency dependence of the
imaginary part of the dielectric modulus
of a-LilOQ3 at various temperatures. The
41 lines are the results of least-squares fits
using the Fourier transform of the
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relaxation time in an Arrhenius represen-
tation. The lines correspond to thermally
activated behaviour
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ginary part of the modulus of o-LilQ3 for various temperatures. As observed in many
ionic conductors, a peak shows up which shifts to higher frequencies with increasing
termperature. 1t can be interpreted as indication of a so-called conductivity relaxation
[48, 49]. The peak can be fitted using the Fourier transform of the Kohlrausch-Williams-
Watts (KWW) function, ¢{t) = ¢, exp (—t/r)ﬂ , where § is the stretching exponent de-
termining the width and asymmetry of the peak. The blocking electrode effects show up
as slight deviations from KWW behaviour at low frequencies. The resulting § is almost
temperature independent with a value of approximately 0.8 which indicates a distribu-
tion of conductivity relaxation times. Usually in ionic conductors the energy barrier ob-
tained from the modulus evaluation is identical to that of the dc conductivity taken
from the saturation value of the conductivity at frequencies above the blocking electrode
regime. The inset of Fig. 6 shows the relaxation time 7 in an Arrhenius representation.
7(T) can well be described assuming two thermally activated processes with energy bar-
riers 0.16 and 0.30 eV which are almost identical to the energy barriers obtained from
o(T) (Fig. 5), as expected. There are no signs of a relaxation process in the kHz region
as sometimes reported {25, 29, 30]. However, one has to aware that blocking electrode
effects are easily mistaken for (intrinsic) relaxational behaviour.

In addition, we measured the dc conductivity of a-LilO3 with completely blocked elec-
trodes to detect possible electronic contributions to the conductivity. For this purpose,
prior to the measurement, the dc field was applied for 60 h. At 450 K the conductivity is
about 1072 Q7! ecm™! and its temperature dependence follows a thermally activated be-
haviour with an energy barrier of 0.74 eV. Since this value is much lower than the re-
ported electronic gap energy of about 4.3 eV, determined from optical measurements [3],
the charge carriers most probably are electrons or holes from defect states in the gap.

Finally, we have not observed any sign of the anomaly around 243 K mentioned in
[30] and [51]. The authors suggest that hydrogen may play an important role in this
phenomenon since it was observed in acid crystals only.
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4. Conclusions

We have performed a detailed investigation of the dc and ac electrical properties of a-
LilO3 (undoped and doped with Fe) in a broad frequency range. At frequencies below
approximately 10 kHz the electrical properties of the samples were almost completely
dominated by space charge effects at the electrodes. The results in this frequency region
give evidence for at least two types of ionic charge carriers in a-LilO3, most probably
Lit and HT. At higher frequencies the ac conductivity reveals a power law behaviour,
o ~ v®, with a small exponent s~ 0.16 for undoped a-LilO3 and s ~ 0.06 for the iron
doped compound. This behaviour resembles the so-called low frequency dispersion often
found in ionic conductors [32, 43, 44]. The dielectric constant approaches its high fre-
quency limit €, =~ 11.3 for a-LilO3 and & ~ 7.7 for o-LilO3:Fe which is only weakly
temperature dependent for both compounds. The temperature dependence of the con-
ductivity in the high frequency region behaves thermally activated with an energy bar-
rier of approximately 0.3 eV for both compounds. Below temperatures around 250 K, a
significant reduction of the energy barrier is observed which can be understood by a
simple model for ionic conductivity [47]. The modulus representation of the obtained
dielectric data leads to well developed peaks in M”(v) which can be interpreted as being
due to the occurrence of conductivity relaxation [48, 49]. Fits of M"(v) using the Fourier
transform of the KWW function reveal a stretching exponent § =~ 0.8 which indicates a
distribution of conductivity relaxation times. The energy barriers connected to the con-
ductivity relaxation are almost identical to those obtained from the conductivity in the
LFD regime. The results of the dc investigations give clear indications that electronic
conductivity involving defect states plays an important role, too.
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