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Abstract
Frequency dependence of ac conductivity from 20Hz to 10MHz and time series of the conductivity at
2kHz along c-axis of gadolinium nitrate crystal Gd(NO;);6H,0 were measured in the temperature
range from 210K to 290K. Meta-stable phenomena were observed. Dynamical property given by the
frequency dependence of the conductivity is compared to those in disorder system. Non-periodic
instability (burst) was found in the time series data of the conductivity. The frequency dependence of
the power spectrum densities is well represented by the power law 1//*. The exponent o is discussed

with the nonlinear dynamical property.
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1. INTRODUCTION

Nonlinear and non-equilibrium phenomena were
observed in many systems such as disordered
ferromagnets'", superconducting vortices”, martensitic
shape memory alloys”, glass® and earthquakes®. The
physical quantities in equilibrium state always show
time variation in the vicinity of the average values, and
the physical properties are characterized by the
fluctuation®. The fluctuation could be closely related
to inevitable thermodynamic instability”. Therefore
the investigation of the thermodynamical instability
could give a new information for unknown properties
of the material. The behavior of the fluctuation was
given by measuring the time variation of the physical
quantities.

The rare earth nitrate crystals R(NO;);6H,0 where R
is rare earth element, form the triclinic symmetry

with the space group P1 above 193K®. Authors
have studied the characteristic property of the rare
earth nitrate crystals by electric measurement in the
time successive procedures and the time series data
between 210K and room temperature. In the
successive measurements for the time variation of the
electric properties in rare earth nitrate crystals,
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meta-stable and non-ergodic nonlinear properties were
found®. By the measurements of time

series for the ac conductivity at 2kHz, nonlinear
dynamical property having deterministic chaotic one
were also found in the rare earth nitrate"”. In addition,
the crystals show the distinct intermittent non-periodic
oscillations (bursts) and the dependence of the rare
earth element on the time series of the ac
conductivity'? ¥ However the instability in the rare
earth nitrate crystal was not known sufficiently. In
order to clarify the characteristic phenomena, we have
measured frequency spectra of the ac conductivity in
the frequency region from 20Hz to IMHz and the time
series of the conductivity at 2kHz at temperatures

210K <7 <290K along c-axis of Gd(NOs);6H,0
crystal.

2. EXPERIMENTAL

The crystal used for the present measurements was
grown in a gadolinium nitrate aqueous solution by
decreasing temperature. The size of sample A used
for the measurements of the frequency spectra for the
ac conductivity was 0.061+0.005c¢cm in thickness and
0.59140.005 cm? in area, and that of the sample B used
for measuring the time series of the conductivity,
0.228+0.005cm in thickness and 0.228+0.005 cm® in
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area. The silver paste (Tokuriki Chem.Inst.P255) was
used as a contact electrode. The good qualities of the
electrodes and the specimens have been kept at the
final stage of the experiment.

The ac conductivity in the frequency region from
20Hz to 1MHz was measured by using a computer
controlled LCR meter (HP4284A) with a general
purpose interface bus (GPIB). Time series data on the
ac conductivity at 2 kHz were measured by using the
digital lock-in amplifier (EG&G Princeton Applied
Research, Model 5210) and an analog memory
recorder (YOKOGAWA, AR1100).

The conductivity was measured at the sensitivity
within £10"" Q' ecm™. All the measurements were
carried out under the isothermal condition and
controlled by the computer within £0.1K. For the time
series data, 5000 data points were collected with a
sampling time of 50 ms.

3. RESULTS AND DISCUSSION

3.1. Frequency dependence of ac conductivity

The Frequency dependence of ac conductivity along
c-axis was measured from 20 Hz to 1MHz at
temperatures between 290K and 210K in both cooling
and heating cycles of four measuring runs (1)~ (4)
using the sample A. Figure 1 shows the real
component ¢'(7) of the complex conductivity c* (c* =
o' +ic") derived from the experimental data at 1 kHz.

As seen from Fig.1, ¢'(T) in cooling and heating
cycles of run (1) shows appreciable temperature
variation with thermal hysteresis in the region between
280K and 230K. The temperature variation of ¢'(7) as
observed in the following runs (2) and (3) suggests an
existence of meta-stable phase in the crystal. The phase
seems to disappear asymptotically. At the run (4), the
meta-stability behavior appeared in the first time. The
temperature dependence of o'(7) shoes the same
behavior observed in the first runs.

The behavior of meta-stable phase in other rare earth
nitrate crystals was dependent on the rare earth ion R*"
in  R(NOs);6H,0; non-periodic  oscillation  of
appearance for meta-stable phase in Sm(NOs);6H,0";
rapid disappearance of the phase in La(NO;);6H,0"?,
Nd(NO5);6H,0"?, Tb(NO;);6H,0"” and
Er(NO;);6H,0"?; complex behavior appearance of the
phase in  Eu(NO;);6H,0"”  and Yb(NO5);6H,0 ¥

Figure 2 shows the frequency dependence of ¢'(v) in
the  logarithmic  scale  within  the  range
20Hz< v < 1MHz at several temperatures 288K, 273K,
253K, 233K and 214K in cooling(1) of the first
measuring run. The o'(v) increases with increasing
frequency v at 253K and 233K in cooling(1). The
frequency dependence of ¢'(v) was analyzed by power
law, o' o v °, where s is frequency exponent. The
value of the exponent s was estimated from the local
slope —dIno'(v)/dInv inFig.2.

The temperature variation of the frequency
exponent s(7) was given in Fig. 3 in the frequency
region 10kHz <v < 100kHz. As the temperature
increases, the value of s decreases and is nearly equal
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Figure 1 The real part o' of the complex conductivity o* at
1 kHz along c-axis of Gd(NO3);6H,0 crystal at temperatures
between 290K and 210K in both cooling and heating cycles
of four measuring runs.

107 ; ;
Gd(NO3)3()H20 Cooling(l)
% c-axis
10 i
4‘.-;9?
= a— ™ 8
- -7
g 107+
'_‘O
@]
= 08
o 10% 1
107 1
10710
10! 10? 10° 10* 10° 10°

v (Hz)
Figure 2 Frequency dependence of the conductivity o'
along c-axis of Gd(NO;);6H,O crystal at several
temperatures in the cooling(1) of the measuring runs.

to 0 for meta-stable phase. The value s<1 has been
obtained in a frequency dependent conductivity in
disordered materials, such as an amorphous
semiconductor and glass material'”. The o'(v) in the
meta-stable phase shows similar behavior as that of the
nearly constant loss in ionic conducting glass“”. The
value s~2 of the frequency exponent s corresponds

to the frequency response of Debye relaxation process
20

3.2. Time series of ac conductivity

Figure 4 shows the time dependence of the
fluctuation Ac' of the real part ¢' of the complex
conductivity o* at 2kHz along c-axis of the
Gd(NO;);6H,0 crystal at several temperatures in the
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Figure 3 Frequency exponent s(7) of the power law in the
frequency spectra of the ac conductivity in the frequency
region 10kHz~100kHz in both cooling and heating cycles of
four measuring runs.
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Figure 4 Time series of the fluctuation Ac' for the real part
o' of the complex conductivity 6* at several temperatures in
cooling cycle measured at 2 kHz with a sampling time 50 ms
along c-axis of Gd(NO;);6H,0 crystal.

cooling cycles, where Ac' is given as Ac' = ¢' - <c™>.
The average value <c"™> was obtained from 5000 data
points of ¢' at the temperature. The set of the data Ac'
is represented by {Ac'}. As shown in Fig.4, the
non-periodic unstable oscillations (bursts) appear in the
time series data {Ac'} at several temperatures, 293.15K,
243.15K and 203.15K in cooling, respectively.

The probability distributions of the fluctuation {Ac'}
show continuous line shapes. The power spectrum
densities were calculated from the time series data
{Ac't"”. The power spectral densities of the
fluctuation {Ac'} at temperatures show the random
broad peaks in the statistical frequency region from
1Hz to 10Hz and the continuous line shape below 1Hz.
In the statistical frequency region 0.1 ~ 1Hz, the
continuous part of the power spectra is proportional to
1/ f«, where f'is the statistical frequency in the power

spectra and a is the exponent of the power law. The
values of o were estimated by calculating the local
slopes of the power spectra in the temperature region

210K < T'<290K. The temperature dependence of the
exponent o is given in Figure5 for cooling and heating
cycles. In Fig.5, the value of a is nearly equal to 2 and
the power spectra are assigned to the thermal noise
@2 The values of o in the light rare earth nitrates *’La
~%Gd are approximately equal to 2 with exception of
pr 2 In the case of the heavy rare earth nitrates, the
values of o were nearly equal to 1, so that this is
assigned to the £' noise ¥,

To study the non-periodic unstable oscillation (the
burst), the data {Ac'} were analyzed in detail by using
the nonlinear dynamical method. The nonlinear
dynamical property of the system was specified by a
fractal dimension derived from N data point of the time
series according to the simple procedure of
Grassberger and Procaccia . For an arbitrary
embedding dimension »n, the o and o are
pseudo-vectors defined by

6,/={c'(t+it),0'(tH(I+ D)tn), -+, o'(tH(iHn-T)ty)}, (1)

where the value of 1y is a fixed time increment between
successive measurements. In the present measurement,
Ty corresponds to the sampling time 50 ms. Spatial
correlation of the attractor embedded in a phase space
of n-dimensions is defined by

1 N
C(r)= 7 ;e(r
where O(x)=0 if x<0 and O(x)=1 if x>0. Thus the
correlation integral C(r) counts the number of pairs
whose distance ‘(7]_' -0’ is smaller than a given r.

) @)

’ '
O-i_o-j

The correlation integral C(r) were calculated for the
time series data {Ac'} at temperatures for the
embedding dimension n = 1-:-20 by using the
supercomputer (Hitachi SR8000) of Hokkaido
University. The correlation integral C(r) behaves as
power of r for small7:C(r)oc r*, where d is a
correlation exponent. The values of d at each
embedding dimension n were obtained from the slope
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Figure 5 Temperature dependence of the exponent o in the
power law 1/f“ for the power spectral densities of the
fluctuation {Ac'} in the statistical frequency region
0.1Hz<f<0.5Hz for both cooling and heating cycles of four

measuring runs, where f/* is the statistical frequency.
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Figure 6 Correlation exponent d versus dimension # of the
embedding space.

of InC(r) versuslnr. Figure 6 shows the dependence

of the correlation exponent d on the embedding
dimension n at the several temperatures in cooling
cycle. In the case of the random noise, d is equal to n
(d =n) so that the relation is shown as the straight line
in Fig.6. As seen from Fig.6, d shifts to the asymptotic
value as 7 increases.

4. SUMMARY

The time successive processes of the electric properties
of the Gd(NO;);6H,O crystal were studied by two
different experimental methods. The frequency
dependence of the ac conductivity was analyzed by the
power law Vv'. The value of the exponent s depends on
the temperature and the measurement cycles. The
meta-stable structure was discussed in terms of the
exponent s.

The power spectrum densities were calculated form
the time series of the ac conductivity. The frequency
dependence of the power spectrum densities is well
represented by the power law 1/f®. The obtained value
0~2 corresponds to the thermal noise. The nonlinear
dynamical analyses were carried out. The analyses
indicate that the correlation exponent deviated from the
value of the random noise as the embedding dimension
n increases.

In the present study, it confirms that the electric
property measured for Gd(NO;);6H,O shows the
nonlinear non-equilibrium phenomena, and that the
fluctuation, generated in the rare earth nitrate crystal,
has both the chaotic feature and the effect of rare earth
element.
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