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By means of dielectric permittivity, electric modulus and
impedance, the dielectric properties of LiF single crystals were
investigated in the temperature range of 30°C-800°C and fre-
quency range of 50 Hz-10 MHz. Two thermally activated
relaxations, R1 and R2, were observed. The relaxation R1
showing activation energy around 0.8 eV was found to be
related to the Li-ion diffusion in the crystal. The relaxation R2
contains three Arrhenius segments, the low-, mid-, and high-T
segments, separated by boundary temperatures of 325°C and
425°C. These segments in the order of ascending temperature
were found to be associated with Fs, F5 centers, F, centers,
and F centers, respectively.

L.

L rrHIUM fluoride (LiF) has gained considerable interest in
recent years owing to various applications: because of
its extremely wide energy gap (~14.2 eV), LiF crystal was
first used as an optical material for vacuum ultra violet
range.! Later, the doped LiF was developed for dosimetry;*™
Because of its simple crystalline structure, LiF crystals also
serve as model objects in solid—state physics; Besides, as one
of the initially transparent materials, the stability of optical
transparence even under strong shock compression makes
LiF crystals a promising material used as optical windows in
laser interferometric, spectroscopic, and pyrometric measure-
ments;>® Moreover, LiF doped with WO3 and TiO, was
used as a scintillator for neutrino registration as well.” Over
the last three decades, alkali-halide crystals with color centers
(CCs) have been used for tuning laser-active media,'® etc. All
these applications require a thorough understanding of the
properties of LiF crystals. The wide energy gap of LiF allows
the properties of LiF to be readily modulated by both native
defects and alien impurities intentionally introduced by dop-
ing or other methods,!' as these defects can induce various
energy levels in the band gap. Therefore, understanding and
engineering the defects are critical in the applications of LiF-
based devices.

In the past years, defects in LiF crystals induced by
gamma rays, electrons, neutrons, and heavy ions were exten-
sively studied.'>'> However, among the primary defects, F
centers, i.c., electrons at an empty anion site, were formed
relatively easily. At higher irradiated dose, the F centers
aggregate and induce F clusters (F,, F3, and F4 centers, in
concrete terms, F, center is an anionic vacancy pair trapping
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two electrons and so on). Doped with divalent impurities,
under ionizing radiation, LiF crystals involve the F5 center
and impurity-vacancy (IV) dipole.'® The presence of the IV
dipole directly leads to a stabilization effect, that is, lengthen-
ing the disintegration time. The model for CCs in other
defects like the well-known oxygen and OH ™ -containing lith-
ium and sodium-fluoride laser crystals, has not been precisely
established.'®!” Some prior dynamic studies and annealing
experiments showed that the F centers are stable at room
temperature, but will recombine with hole centers at temper-
atures higher than 360 K (~87°C),'®!” and the annihilation
and transformation of color centers during thermal annealing
of LiF crystals irradiated with high-energy ion projectiles are
complex processes depending on the initial defect spectrum
and on the annealing temperature.”® The optical spectra were
widely investigated, and the density of the different kinds of
crystal defects like F, F, or F5 centers can be determined
from the intensity of the respective absorption lines.>!* It is
well known that the optical properties are directly correlated
with the dielectric properties. So, the dielectric properties of
LiF single crystals are of vital importance for understanding
their optical properties. In this paper, we carried out detailed
investigation on the dielectric properties of pure LiF single
crystals in the temperature range from room temperature
(~30°C) to 800°C and the frequency range of 50 Hz—
10 MHz. The obtained results indicate that the dielectric
properties of LiF single crystals are strongly related to the
F-like centers.

II.

LiF single crystals with (100) orientation and the size of
3mm x 3 mm x 1 mm were purchased from MTI Corpo-
ration (Hefei, China). Element analysis performed with an
inductively coupled plasma (ICP-OES, IRIS Intrepid II,
Thermo Electron, Waltham, MA) revealed some trace
impurities of Na, Fe, Ca, and Cl with the concentration
less than 0.005 mg/L. The frequency-dependent dielectric
properties were measured by using a Wayne Kerr 6500B
precise impedance analyzer (Wayne Kerr Electronic Instru-
ment Co., Shenzhen, China) with the sample mounted in a
holder placed inside the PST-2000HL _dielectric measuring
system (Wuhan Pusite Instrument Co.. Wuhan. China).

The temperature variations rate is 3°C/min which was
automatically controlled by a PCT10 Stanford temperature
controller (Stanford Research System Instrument, Sunny-
vale, CA). The amplitude of the ac measuring signal was
100 mV. Electrodes were made by coating both sides of
the samples with silver paste (or platinum paste which will
be explicitly noted for comparison) then fired at about
300°C for 30 min to remove the polymeric component and
achieve good sample/electrode contacts. The remaining Ag
(Pt) cap can effectively prevent the most likely defects such
as oxygen and/or OH™ from entering the crystal during

Experimental Procedure


Administrator
下划线


September 2015

the thermal treatments. It is quite sure that other defects
are not been generated in our investigation.

III. Results and Discussion

The temperature (T) dependence of the real (¢/) and imagi-
nary (¢”) parts of the complex permittivity (¢*) at various
frequencies for an LiF single crystal is displayed in Figs. 1(a)
and (b), respectively. It is seen that there are two step-like
increases in €(7T) accompanied by two sets of relaxation
peaks in the curves of €"(7T). The positions of the peaks shift
to high temperature with increasing frequency, indicating
that there are two thermally activated Debye-like relaxations
in the investigated sample. For brevity, the relaxations were
termed as R1 and R2, as indicated in Fig. 1(b), in the order
of ascending temperature. Due to the pronounced increasing
background caused by conductivity in the high temperature
range, both of the peaks actually behave as humps, which
lead to the exact peak positions not being read out from the
curves of €”(7). In this case, the electric modulus spectros-
copy, M*, defined as M* = 1/e*, known as a “good” dielec-
tric function in revealing the hidden dielectric relaxation is
needed. The temperature dependence of the imaginary part
of electric modulus (M") at various frequencies is shown in
the inset of Fig. 1(a). It is clearly seen that the plots contain
two dielectric peaks convincing the two relaxation processes.
Activation energy analysis is favorable for better understand-
ing the relaxation mechanism. Thus, we tried to calculate the
activation energy of the two relaxations. In doing so, the
accurate positions of these relaxations are required. We,
therefore, applied multipeak fitting method by using two De-
bye peaks to fit the experimental data of M"(T). As we all
know, a Debye peak is symmetric, we therefore used formula

= (A1) (n x V/a]2) x exp(=2 x ((x = xa)/w1)?)
+ (Ao (w2 % /7]2)) X exp(=2 x ((x = xXe2) /w2)?)
(1)

where A;, w;, and x.; (i = 1, 2) represent the peak area, width,
and position, respectively, to fit the experimental data of
M"(T) and M"(f). The fitting can give the accurate peak
position, particularly at high frequencies (~10°) where two
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Fig. 1. Temperature dependence of € (a) and €” (b) for LiF single

crystal measured at various frequencies. The inset shows temperature
dependence of electric modulus (M") at various frequencies.
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Fig. 2. (a) The comparison between the experimental data (open
circles) measured at 10 kHz and fitting result (solid curve through
the data points). The dashed curves are the resultant fitting peaks for
R1 and R2. (b) The Arrhenius plots for R1 and R2 deduced from
the fitting peaks, with an inflection temperature at ~400°C.

peaks are almost overlapped. As a typical example, the resul-
tant Debye peaks and the comparison between the fitting
result and the experimental data obtained at 10 kHz are
shown in the Fig. 2(a). The solid fitting curve passes through
all the data points indicating that the fitting is perfect. The
measuring frequency, f, as a function of the peak position,
Tp, was plotted according to the Arrhenius law

S=Joexp(—E./kpTp) 2

where f; is the pre-exponential factor, E, is the activation
energy for relaxation, and kg is the Boltzmann constant. Fig-
ure 2(b) shows the Arrhenius plots for R1 and R2. It is
found that R1 features perfect Arrhenius relation. The data
points of R2, however, distinctly deviate from the Arrhenius
relation leading to two Arrhenius segments, separated by an
inflect temperature of ~400°C. The activation energy and
pre-exponential frequency factor for R1, the low-, and high-
T segments of R2 were found to be 0.78, 1.37, 0.76 eV and
1.13 x 10", 1.05 x 10", 1.59 x 10" Hz, respectively.

To obtain more information about the dielectric properties
of an LiF single crystal, we carried out detailed impedance
and modulus analysis in the frequency domain. Figure 3(a)
shows the spectroscopic plots of electric modulus at various
temperatures. The values of the electric modulus were calcu-
lated from the data of the impedance in terms of the rela-
tionship M* = M’ + jM" = 2nfCyZ*, where j=+/—I,
Z* = 7' + jZ" is the complex impedance, and Cj is the vac-
uum capacitance. It is seen that the first M"” peak appears
when the measuring temperature rises to higher than 150°C.
This peak moves to high frequency with increasing tempera-
ture. When the measuring temperature was elevated higher
than 250°C, the second M" peak comes into the measuring
frequency window. The two M"” peaks indicating two relaxa-
tion processes can be clearly seen as there is no detectable
background. The frequency gap between the two peaks
becomes smaller and smaller as the peaks move to high fre-
quency with increasing temperature. When temperature rises
to higher than 400°C, both peaks superimpose each other
and only one peak can be observed hereafter. For a
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Fig. 3. (a) Frequency dependence of electric modulus (M") for LiF
crystal measured at 35°C, 100°C, 150°C, 175°C, 200°C, 225°C,
250°C, 275°C, 300°C, 325°C, 350°C, 375°C, 400°C, 425°C, 450°C,
500°C, 550°C, 600°C, 650°C, and 700°C (from left to right). (b) The
comparison between the experimental data (open circles) measured
at 375°C and fitting result (solid curve through the data points). The
dashed curves are the resultant fitting peaks for R1 and R2. (c) The
Arrhenius plots for R1 and R2 deduced from the fitting peaks.

thermally activated relaxation, the high (low)-frequency
relaxation in the frequency domain corresponds to the low
(high)-temperature relaxation in the temperature domain.
Therefore, the high- and low-frequency relaxations can be
identified to be R1 and R2, as observed in the temperature
domain [see Fig. 1(b)], respectively. To extract the peak posi-
tion accurately in the whole measuring temperature range,
two Debye peaks were used to fit the experimental data. As
a representative example, Fig. 3(b) displays the comparison
between the fitting results and the experimental data
recorded at the temperature of 375°C. It is seen that the
fitting curve perfectly mimics the experimental data (open
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circles). The two resulting Debye peaks (dashed curves) are
also shown in the Fig. 3(b). The peak position fp was plotted
as a function of the reciprocal of the measuring temperature
T according to the Arrhenius law [Fig. 3(c)]. Again, we can
see that R1 shows perfect Arrhenius behavior, whereas R2
shows three Arrhenius segments with two crossover tempera-
tures locating at ~325°C and 425°C. For brevity, the low-,
mid-, and high-7" segments of R2 were termed as LTSR2,
MTSR2, and HTSR2, respectively. It is seen that much more
detailed information can be obtained in the frequency
domain as compared with the temperature domain; thanks to
the fact that much more data points can be tested in the fre-
quency domain. The values of fy and E, for R1 and R2,
deduced from the Arrhenius plots are listed in Table I.

Figure 4(a) presents the Nyquist plots for LiF single crys-
tals in the temperature range from room temperature (35°C)
to 700°C as tested in Fig. 3(a). The plots were obtained by
plotting Z" versus Z’, where Z' and Z" are the real and
imaginary parts of the complex impedance Z*. A semicircle
is clearly seen with its diameter decreasing with increasing
measuring temperature. Theoretically, the semicircle can be
modeled by a RC (R = resistance and C = capacitor) unit
with both elements collected in parallel. Since the semicircle
reaches its apex with the value of Z” = R/2 at the frequency
where 2nfRC = 1 is fulfilled, we can easily read out the resis-
tances at the tested temperatures. From Fig. 4(b), it can be
seen that the resistance data follow the Arrhenius law which
can be described as:

R= RO €Xp (Econd /kB T) (3)

where R is the pre-exponential term, E.,,q is the activation
energy of conduction. The Arrhenius plot reveals two linear
segments of the resistance with the values of E_,,q = 1.59,
and 1.06 eV for the low- and high-temperature segments and
a crossover temperature of ~425°C. This temperature is the
same as that deduced from M"(f), indicating that the relaxa-
tion R2 is intimately linked with the conduction. Therefore,
R2 might be ascribed to be conduction-related relaxation. It
should be a bulk response rather than an interfacial response.
This inference is confirmed by further dielectric measure-
ments on the same crystal used in Fig. 3 with the silver elec-
trodes replaced by platinum ones.

Figure 5(a) shows the electric modulus M”(f) of the crystal
covered with platinum electrodes measured at the same tem-
peratures as those tested in Fig. 3(a). The comparison
between the perfect fitting and the experimental data at the
temperature of 350°C is shown in the inset of Fig. 5(a). Fig-
ure 5(b) displays the Arrhenius plots of R1 and R2. The val-
ues of fy and E, for R1 and R2 calculated from the
Arrhenius plots were also listed in Table I. After careful
comparison, two main features can be summarized: (1)
Changing electrode has negligible influence on R1, indicating
that R1 is also a bulk response; (2) LTSR2 disappears com-
pletely, and the activation energy for MTSR2 (1.90 eV) is
somewhat higher than before (1.75¢V). These results
strongly indicate that the relaxing species for R2 might be
F-like (F,, F5, and F7) centers, because they are sensitive to

Table I. Relaxation Parameters (£, and f;) for Relaxations 1 (R1) and the Low-, Mid-, and High-T Segments (LTS, MTS, and
HTS) of Relaxation 2 (R2) of LiF Crystal Measured at Different Cases (Ag, Pt = sAg electrode, Pt electrode)

R2
RI1 LTSR2 MTSR2 HTSR2
Measuring case E, (eV) fo (Hz) E, (eV) fo (Hz) E, (eV) fo (Hz) E, (eV) fo (Hz)
As-prepared (Ag) 0.81 2.54 x 10" 1.12 2.68 x 10" 1.75 5.32 x 107 1.07 5.13 x 10"
As-prepared (Pt) 0.82 297 x 10" — — 1.90 1.06 x 10" 1.04 3.96 x 10"
After-quenched (Ag) 1.06 3.05 x 102 — — — — 0.83 3.16 x 10°
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Fig. 4. (a) Complex impedance plots for LiF crystal at the
temperatures as tested in Fig. 3(a). (b) The Arrhenius plot for
resistance.

the thermal annealing process as the measurement is virtually
a heating run after the firing electrode treatment.

Based on the above results, we can discuss the mechanism
of the observed dielectric relaxations. Firstly, we focus on
R1. The activation energy of R1 (0.81 eV obtained from the
frequency domain and 0.78 eV obtained from the tempera-
ture domain), is comparable with the value 0.89 eV reported
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Fig. 5. (a) Frequency dependence of electric modulus (M") for LiF
crystal with platinum electrode measured at various temperatures as
tested in Fig. 3(a). Inset shows the comparison between the
experimental data (open circles) measured at 350°C and fitting result
(solid curve through the data points). (b) The Arrhenius plots for R1
and R2 deduced from the fitting peaks.
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by Zaafouri et al.,”> which is correlated with the diffusion of
Li-ion in the crystal. Therefore, R1 can be argued to be
related to the diffusion of Li-ion in the crystal.

We now turn our attention to the origin of R2. As afore-
mentioned that F centers in LiF are stable at room tempera-
ture, but at temperatures higher than ~87°C (360 K) their
mobility is high enough to recombine with hole centers. It
was reported that F center clusters (F», F3, F3, and F,) in
LiF crystals present a similar annealing process. The F3, F3
are the first centers to disappear (above ~300°C) according to
the recent findings.?® The temperature matches well with the
boundary temperature of ~325°C between LTSR2 and
MTSR2. So, LTSR2 is caused by F5, F§ centers. Then, the
F, centers disappear at ~420°C, which is in good agreement
with the crossover temperature (~425°C) of R2. Besides, the
activation energy of the thermal annealing stage of F, centers
is ~1.6 eV reported by Izerrouken et al.>’ Klempt et al.'*
also explained the process with the activation of 1.7 eV could
be an annealing of F center clusters. All these reported
results match well with the activation energy 1.75 and
1.59 eV for MTSR2 found in Figs. 3(a) and 4(b), respec-
tively. Thus, MTSR2 can be attributed to the annealing pro-
cess of F, centers. As to the HTSR2, whose activation
energy of 1.07 eV agrees quite well with 1.0 eV claimed by
Klempt et al.,'* which was interpreted as an F center diffu-
sion process. Hence, F center is considered to be the cause of
HTSR2.

In order to convince the above points, further measure-
ments were performed on a new LiF pellet after being
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Fig. 6. (a) Frequency dependence of electric modulus (M") for the
air-quenched LiF crystal measured at various temperatures as tested
in Fig. 3(a). (b) The comparison between the experimental data
(open circles) measured at 350°C and fitting result (solid curve
through the data points). (c) The Arrhenius plots for Rl and R2
deduced from the fitting peaks.
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subjected to annealing treatment at 800°C for two hours fol-
lowed by quenching rapidly to room temperature (cooling
rate >100°C/s) in air. The spectroscopic plots of electric mod-
ulus at the temperatures tested in Fig. 3(a) were measured
and shown in Fig. 6(a). At a first glance, the M"(f) plots
have the same characteristic as that observed in Fig. 3(a)
except for the fact that the two peaks almost overlap at the
lowest measuring temperatures. Likewise, the two peak fit-
ting was conducted in order to obtain the accurate peak
position. The representative fitting results of the data
recorded at 350°C were given in Fig. 6(b), from which we
can see a larger peak locating around 10* Hz and a smaller
peak appearing around 10° Hz. Compared with the results
presented in Fig. 3(b) and the inset of Fig. 5(a), the larger
peak can be identified to be the R2 relaxation. Hence, the
smaller one represents the R1 relaxation. With the peak posi-
tions deduced from the fittings, the Arrhenius plots for the
two relaxations were presented in Fig. 6(c). The calculated
values of f, and E, of the two relaxations were also listed in
Table I. It is seen that the activation energy of R1 for the
quenched crystal is almost the same as that of the blank crys-
tal. One also notes that the pre-exponential factor
(3.05 x 10" Hz) and the activation energy (1.06 eV) of R2
are in good agreement with those of HTSR2
(fo = 5.13 x 10'2, E, = 1.07 eV). These findings are just as
expected, because the F center clusters disappear at high
enough temperatures. The annealing treatment completely
destroys the clusters, whereas the Li-ions and F centers are
remained. This case was held to room temperature by air-
quenching treatment. Therefore, only the Li-ion diffusion-
induced relaxation (R1) and the F-center-induced relaxation
(HTSR2) can be observed in the following measurement run.

IV. Conclusions

In conclusion, the dielectric relaxations and electrical conduc-
tion of LiF single crystals have been studied in the temperature
range of 30°C-800°C and the frequency range of 50 Hz—
10 MHz. Two thermally activated relaxations, R1 and R2,
were observed. R1 was ascribed to the diffusion of Li-ion in the
crystal. R2 is composed of three Arrhenius segments, LTSR2,
MTSR2, and HTSR2. They were argued to be associated with
the F5, F7 centers, F, centers, and F centers, respectively.
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