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Effect of electric field and post-treatment on dielectric behavior
of SrTiO 5 single crystal
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The effect of dc electric field and post-treatment on the dielectric properties of $siiQle
crystals are reported. Both the dielectric constant and the lossdacrease after post-treatment in
flowing oxygen environment for 26 h at 1100 °C. The possible physical mechanism is briefly
discussed. The dielectric behavior under dc electric field is measured. The rounded dielectric
constant peak is induced by application of dc bias, and the corresponding dielectric loss is presented,
which show more complicated behavior and usually are missing in the literature. In this work, it is
found that the temperaturd () of the dielectric constant maximum shifts to higher temperatures
with increasing dc electric fieldE, and follows theT,,~E?? relation, indicating an induced
ferroelectric-like behavior with the second-order phase transition under dc bia800@ American
Institute of Physicg.S0021-897@0)03708-7

I. INTRODUCTION Complex dielectric permittivity was measured using HP
4284A LCR meters in the frequency range 20 Hz—1 MHz

developments in data processing and microwave commun vith an ac f|eld of 1 Y/mm. The temper.ature dependence O.f
cation, a series of microwave devices are being develope&he dielectric properties was measured in a cryostat system in

such as frequency agile filters and tunable h@gresonators. th temp?r%turehrar:gg 12_t300 Ki. Wr;ri]le E[.he sgtebclgmen was
This demands a dielectric material with both high-electric- €ing cooled or heated up at a cooling/heating r Y Per
field tunability, K =[ €(0)— e(E)]/€(0), andvery low di- minute, and readings were taken at every 1 or 2 K intervals.

electric loss at microwave frequency range. High tunability. The dc voltage was applied to the samples and a block-

offers capability for broad-range adjustment of the working'CCQE'F;:'rCUtIt waztador;]ted to se_partate the ?'gh'?ﬁ voltagle and
frequencies and low loss gives low noise, high selectivity, meters. Al each measuring temperature, thé sample was

and compatibility with cryogenic electronids® allowed to reach thermal equilibration before the field depen-

The quantum paraelectrics, SrEi@nd KTaQ, have dence of the dielectric constant and loss measurement.
been recognized as promising candidate material, which
show high-electric-field tunability at low temperatures alongl!l. RESULTS AND DISCUSSION
with reasonably low dielectric los5° However, it is alSO A Effect of the thermal treatment on the dielectric
found that the dielectric quality of factdD is deteriorated pehavior

from more than an order of magnitude in SrEiGhin ) . .
films.5~® Several factors, including nonstoichiometry, de-  1he temperatur€T) dependencies of the dielectric con-

fects, high strain, and geometry effect in the thin film are theStant(e) and dielectric loss (tad) as a function of frequency
probable causes: however, a clear picture for the highglor the as-grown SrTigsample are shown in Fig. 1. From
losses in thin-film SrTi@has not been reached. In fact, the 300 10 12 K, € increases continuously with decreasing tem-

understanding of the dielectric loss under dc electric field foP€rature and attained the valae 10 300 at 12 K. However,
single crystal is also not clear so far. for tan ¢, in the temperature range 50—100 K, there is a set of

In this article, we report the effect of dc electrical field P€2ks with a frequency-dispersive behavior. With further de-
and post-treatment on the dielectric properties of SgTiO creasing temperature, JKS(_) K, the tany increases sharply
single crystals in an effort to obtain more experimental datnd € increases correspondingly.

to understand the dielectric behavior, especially, the loss ~Similar tand peaks were also observed in single crystals

mechanisms in SrTiQand the electric-field effect. by Mizaras and Loidf, Viana et al.' in polycrystalline
samples by some of the authdfs?and in thin films by Li

13
Il. EXPERIMENTAL PROCEDURE etal:

In order to meet the needs of continuously increasin

_ _ _ The relaxation rate for the polarization derived from the
Single-crystal samples with polished surfa¢®0) were  temperature dependence of the imaginary part of the permit-

obtained from a commercial source. The samples were anjvity for the sample is plotted in Fig. 2. The data were fitted
nealed in the furnace at 1100 °C for 26 h. The crystals wergg the Arrhenius relation

evaluated initially in the low-frequency range.

v=voexg U/T], Q)
30n leave from Department of Physics, Zhejiang University, Hangzhou,Wh.ere Vo is the relaxation rat.e at infinite temperatutkthe
310027, P.R. China; electronic mail: angchen@psu.edu activation energy for relaxation, aridthe temperature. The
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FIG. 1. Temperature_dependenceeaind tans as functions of frequencies  F|G. 3. Temperature dependenceseaind tans at 10 kHz for the SrTiQ
for the as-grown SrTi@single crystal. single crystal before and after annealing in the flowing oxygen atmosphere.

fit parameters ar& =1222 K andvy=~10" Hz. The acti- _ . . _
vation energyU=1222 K is in good agreement with the quantum paraelectric. In nominally pure SrEjQhere exist
parameter reported by Mizaras and Liddl. low levels of unavoidable defects or impuritiéer example,
The dielectric properties of the samples, after annealin@*ygen vacanciestherefore, it is highly possible that such
in flowing oxygen environment for 26 h, were measured. Foidefects could interact with the soft mode at low tempera-
comparison, the and tans vs T plots at 10 kHz before and tures, and contribute to dielectric relaxations. Indeed, in the
after annealing are shown in Fig. 3. It clearly shows that the0ft-mode quantum paraelectric KTgQhe dielectric relax-
dielectric constant and loss decrease after annealing trfion below 110 K was found to relate to the unavoidable
samples in oxygen atmosphere. The activation energy for thgefe_ctshmpunueléz.' In SrTiO; doped with a small amount
relaxation process for the sample before and after annealirf Bi (500 ppm,™* obvious enhancement of the similar re-
is the same within the experimental error. laxation process supports this conjecture. In this work, it is
The relaxation process observed has been explained fPected that, after annealing in,@he densities of the oxy-
terms of the dynamics of the domain walls that occur at thed&n vacancies were decreased, and the interaction between
cubic-to-tetragonal phase transitidin general, the anneal- the 0xygen vacancies and the soft mode decreased, hence,
ing in O, will eliminate fully or partially the internal stress the dl_electrlc constant and loss decreased. A clear under-
and oxygen vacancies. If the dynamic response of the do3t@nding needs further work.
main walls is solely responsible for the dielectric relaxation,
the decrease in the internal stress and the oxygen vacancies _ _ _ _
would have led to an enhancement of the dielectric constarf. Effect of the electrical field on the dielectric
and the loss, as Robels, Schneider, and*Arported that behavior

oxygen vacancies can pin the motion of domain walls, and  Although the dc electric-field dependence of the dielec-

internal stresses can reduce the contribution of the domaigiic properties in SiTiQ single crystals has been studied by

boundary. several group$’~??dielectric loss data at low temperatures,

However, in this work, the experimental results showegpecially under dc electric field, are rarely reported. In this

that both the dielectric constant and loss decrease after ajyork, we measured the temperature dependence of both the

nealing in Q, which indicates that an alternative explanationgielectric constant and loss under different dc fields 20

is needed. Itis well known that SrTids a typical soft-mode  kv/cm), as shown in Figs. @) and 4b). The results show
that a dielectric peak is induced by applying the dc electric
field, this is a coincidence with those widely reported in the

10° earlier literaturé’~2For the dielectric loss, the curve shows
__10°F a more complicated behavior. In the temperature range of
z 1ok 12-120 K, at least three peaks under dc electric field can be
> w2k identified. For example, at 4 kV/cm and 10 kHz, there are
i three peaks, peak A around 28 K, peak B around 50 K, and

L AT peak C around 75 K. As a preliminary discussion, peak A
may correspond to the peak in the dielectric constant induced
by the dc electric field and/or a defect mode; peak C is ob-
FIG. 2. Temperature dependence of the relaxation rate for the $siigle §erved even for zero-electric field, which has been discussed
crystal. in Sec. Ill A; peak B seems to relate to some defect mode. In

1000/T,, (K)"
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¢}—> 40.001 § High tunability 0.88 was obtained at 12 K for a dc electric
o edmapessssann s 0 = field of 20 kV/cm. The temperature dependence of the tun-
0 40 80 120 ability (K) at 20 kV/cm is shown in Fig.®). Obviously, the
T (K) tunability is also field dependent, as shown in Fith)6

FIG. 4. Temperature dependence (ef € and (b) tans at 10 kHz under IV. CONCLUSION
different dc fields. For ta@, only typical curves at several fields are shown

in order to make the figure distinguishable. In conclusion, the effect of the dc electric field and post-
thermal treatment on the dielectric properties of Sghas
studied. After post-treatment in flowing oxygen, the dielec-

this stage, the physical mechanism of the dielectric loss ilric constant and loss decrease. A tentative explanation is

still not clear, and further work is being conducted. suggested, i.e., in nominally pure or impurity-doped SgTiO
From Fig. 4a), it can also be noted that the temperatureat low temperatures, the unavoidable defects or impurities

(T,,) of the maximum of the dielectric constant increase with(Eere’ 1;or example, oxygen vacanc)lq:;oba.blly mt_eracf with
increasing dc electric field. It is known that for a normal tN€ Soft mode, and contribute to the dielectric relaxation.

ferroelectric with a second-order phase transition, the relaf\t€r annealing in @, the oxygen vacancies and internal
tion betweenT, and the applied dc field follows 2 stress were decreased, hence the dielectric constant and loss
¢ decreased.

T.~E?3 2 Under dc electric field, the dielectric constant peak is

] induced, and the dielectric loss show several peaks. The field
In the present work, we plot the field effect &g, below 20

kV/cm assumingl,,=T.. As shown in Fig. &), the experi-

mental data fit well to the predication of the theory. In a 10
recent work, Fuchet al?* reported theT. vs E relation in . 08r @
thin film of SrTiO; and that it is not possible to distinguish Z o06f
whether the relation of ., vs E follows T.~E?® or T,~E. £ o4f
Comparing Figs. & and 8b), it can be clearly seen that the = o2l
relation betweenT. and the applied dc field followg . ol
~E??in SrTiO; bulk single crystal. This result implies that 0 20 40 €0 80
upon application of the dc electric field, the SrTiGrystal T(K)
behaves similar to a ferroelectric with a second-order phase 10r
transition. z 08r

It can be seen from Fig.(d) that at a fixed temperature, § 06
with increasing dc electric field, the dielectric constant is 2 04r
significantly suppressed. For example, at 12 K and 10 kHz, 021 ®
the dielectric constant was suppressed from 10 300 to 1240 0= "‘ é : 1'2 : 1'6 0

while the dc electric field increased from 0 to 20 kV/cm. The
tunability (K) of the dielectric constant of SrTiQvas calcu-

lated by using the expression FIG. 6. () Temperature dependence of the dielectric tunability at 20 kv/cm
and 10 kHz;(b) field dependence of the dielectric tunability at 12 K and 10
K=[€(0)— e(E)]/€(0). (3)  kHz

E (kV/icm)
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