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Abstract

Subjecting strontium titanate single crystals to an electric field in the order of 10° V m™" is accom-
panied by a distortion of the cubic crystal structure, so that inversion symmetry vanishes and a polar
phase is established. Since the polar nature of the migration-induced field-stabilized polar (MFP)
phase is still unclear, the present work investigates and confirms the pyroelectric structure. We present
measurements of thermally stimulated and pyroelectric currents that reveal a pyroelectric coefficient
purp in the order of 30 puC K™ 'm 2. Therefore, a dielectric to pyroelectric phase transition in an origin-
ally centrosymmetric crystal structure with an inherent dipole moment is found, which is induced by
defect migration. From symmetry considerations, we derive space group P4mm for the MFP phase of
SrTiOs;. The entire electroformation cycle yields additional information about the directed movement
and defect chemistry of oxygen vacancies.

1

1. Introduction

Pyroelectric and piezoelectric materials have become increasingly important for practical applications beyond
infrared sensor technology [ 1]. Promising advances in waste heat recovery [2—4], x-ray generation [5], and
disinfection [6] employ the pyroelectric effect. The prerequisite of a non-centrosymmetric structure is fulfilled
by inorganic single crystals [7], polymers [8], composite films [9], and ceramics [10]. However, a comparatively
new fundamental approach is based on centrosymmetric materials, which respond to an external influence such
as mechanical strain gradients [ 11] or electric fields [12] by symmetry breaking.

Strontium titanate is a well-known model transition metal oxide, which is diversely used and under
permanent research for use as high-k dielectric [ 13], resistive random access memory [ 14—16], battery [17],
oxygen sensor [ 18], superconductor [19], or photocatalytic material [20]. Its perovskite aristotype structure is
comparatively stable, as verified by the Goldtschmidt tolerance factor [21]. Crystallizing in the cubic perovskite
structure within space group Pm3m, dielectric SrTiOs [22, 23] undergoes several phase transitions during
temperature decrease. Below 110 K [24, 25], a tetragonal distortion occurs, leading to a so-called
antiferrodistortive (AFD) phase, still showing inversion symmetry within space group 14/mcm. Further
decrease in temperature initiates a ferroelectric phase transition at T, = 40 K, which remains ever incomplete,
down to 0 K [26]. Therefore, intensive investigations on ferroelectricity in strontium titanate [27] caused by
temperature decrease, as well as symmetry breaking, have been undertaken: grain boundaries in ceramics [28],
enhanced point defect concentrations effecting polar microregions [29] in single crystals, or strain and stress in
thin films [30]. Furthermore, ferroelectricity has been found at room temperature by Haeni et al [31] in
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homogeneously strained thin films and by Ehre et al [32], who discovered piezo- and pyroelectric phases in
quasi-amorphous thin films.

Recently, a migration-induced field-stabilized polar (MFP) phase in SrTiO; single crystals at room
temperature has been reported [12], which is caused by an electroformation process using an electric field of
10°V m™'. Combining these experimental findings of broken inversion symmetry with the reversibility of the
phenomenon, albeit on a time scale of hours, the requirements for ferroelectricity are fulfilled. Nonetheless, the
new MFP phase cannot be regarded as ferroelectric as defined in the literature [33, 34], because the polarization
is sustained and aligned by the external electric field. The proposed model implies piezoelectric and polar
properties allowing pyroelectricity but no experimental evidence has been provided. If the MFP phase was
pyroelectric, the number of possible space groups for its structure prediction would be significantly reduced.

Consequently, we present an investigation of the pyroelectric properties of the MFP phase of SrTiO5
confirming its pyroelectricity. Furthermore, the impact of oxygen vacancy migration on the phase transition
through thermally stimulated current measurements are presented.

2. Materials and methods

Allinvestigated (001) orientated strontium titanate single crystals were 5 X 5 X 0.1 mm? in size and purchased
from CrysTec GmbH, Berlin. To obtain well-defined TiO,-terminated surfaces, an etching process was executed
followed by a temperature treatment [12]. For electrical measurements, planar front- and backside 4 x 4 mm?
contacts of 50 nm titanium were deposited by magnetron sputtering to yield ohmic behavior and avoid surface
conductivity influences. Typical measurement techniques for pyroelectric properties, like the Byer—Roundy
method [35], are unsuitable to characterize the MFP phase because they cannot distinguish between pyroelectric
and thermally stimulated signals stemming from the thermal detrapping of charge carriers. Such a thermally
stimulated current is to be expected as a constant background due to the constant refilling of traps by the external
voltage in an electroformation experiment described in [12]. We therefore chose an adapted Sharp—Garn
method [36, 37] to determine the pyroelectric coefficient p, along a polar axis z to which several effects
contribute:

oujj
Otk 0dopon + Ok Tk]

B = Pyrimz + €0Fi oT oT
M e N N —

primary field-induced secondary flexoelectric

(1)

with permittivity tensor e, external electric field Ey, piezoelectric tensor d, stress tensor oy, flexoelectric
tensor ;. and strain tensor u;;. The Sharp—Garn method is based on a low frequency sinusoidal temperature
excitation of the sample

T(t)=T0+TA-sin(a)t+(pT) (2)

with temperature amplitude T, angular frequency w, offset temperature Ty, and phase offset ¢;.. The current
response to this excitation is composed of pyroelectric current ipg and non-pyroelectric current 7, pg

. dT . .
ipg(T) = pZ(T)AE’ inpE(T) = inppo+ B - T (3)

with temperature-independent thermally stimulated currenti,pg o at To and temperature-dependent isc
coefficient B(T) describing the nature of the thermal traps discharged by the temperature excitation [36, 37].
The expression for 7,,pg holds for small (%1 K) temperature excitations. Now the overall time- and temperature-
dependent current response i can be written as follows

i = iwpo + BTy + BTy sin () + p, - ATy cos () = ipc + iy, - sin (@t + ¢;) (4)

with electrode area A and the overall phase shift ¢ = ¢, — ¢, between the temperature sine wave and the current
response. Thus, the current response i is split into a time-constant part ipc and a time-dependent part with the
amplitude iy,. The non-modulated part of the current response ipc is, in this kind of experiment, dominated by
the contribution of the electroformation 7x. With equations (3) and (4), the pyroelectric coefficient can be
extracted from a measurement of the thermal current response amplitude iy, and phase shift ¢ of the current
response as

ith Sin @

= —. 5
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Figure 1. Current response i of a SrTiOs single crystal during electroformation using an external electric field of 10° V m™
superimposed by a sinusoidal temperature excitation: (a)—(b) in-phase current-temperature behavior during oxygen vacancy
migration, (c) disappearance of temperature-induced modulation of current response, and (d) reversed sign in-phase current-
temperature behavior when defect separation is finished and the MFP phase is established. Same current scale for all insets highlights
amplitude changes in iy,.

The original technique is extended here by applying an external electric field during the entire measurement
required for the electroformation process. The sample temperature is measured using a Pt100 resistive
thermometer placed directly adjacent to the sample. Temperature control is achieved with a software-based
closed-loop proportional-integral-derivative (PID) controller that samples the thermometer through a
multimeter. The electrical signal from the sample connected in series with the high voltage source is recorded
using an electrometer. Sandwiched between two copper contact plates, the sample is held in place with a fixture
to keep the strain constant.

The data evaluation decomposes the measured current from the sample into the thermal current response iy,
and the current base line i caused by the electroformation process. The latter is obtained by smoothing out the
oscillatory part using a uniform moving window average whose width coincides with the temperature excitation
periodz = 2;” Subsequently, the Fourier components of the oscillatory signal iy, (#) and the temperature signal
T(t) corresponding to this period (i. e., ;, @, isn, T4) are calculated for each interval by direct integration.

Allinvestigated samples revealed equal qualitative behavior, but quantitative results depended on the crystal
real structure and, hence, differed slightly for each specimen.

3. Results

3.1. Qualitative thermal current analysis
Figure 1 shows the current response i of a SrTiOj3 single crystal during electroformation when applying an
external electric field of 10° V. m ™' superimposed by a sinusoidal temperature excitation. An offset temperature
of Ty = 300 Kand an amplitude of T4 = 1 K were used for oscillating temperature at different angular
frequencies w. The time-dependent forming current ir is composed of ionic and electronic parts, which are
attributed to oxygen vacancy migration [12, 16, 38, 39]. The characteristic shape of the electronic partisa
current increase up to a maximum followed by a decrease with a similar slope down towards the initial current
value. In addition, the forming current ir is superimposed by the oscillatory thermal current response iy,
Regardingiy,, four different ranges (see insets (a)—(d) of figure 1) have to be distinguished:

At the beginning of the electroformation i, shows an in-phase temperature behavior (see figure 1, inset (a)
and (b)) typical for semiconductors. Heating (9T /0t > 0) results in a current increase, whereas cooling
(0T /ot < 0)leads to a current decrease. Intrinsic defects like oxygen vacancies V), given here in Kroger—Vink
notation [40], cause additional bandgap states near the conduction band [41], which are charged and discharged
when temperature oscillates and, thus, contribute to the thermally stimulated current itsc. This behavior is
correlated with defect migration, especially of oxygen vacancies due to the higher diffusion coefficient compared
to strontium vacancies. Coinciding with the peak of i, the amplitude maximum of iy, depicts the largest number
of moving defects. Subsequently, more and more defects arrive at the cathode, leading to the formation of the
MFP phase at the anode and a decrease of i, (see figure 1, inset (c)). When defect migration is declining, an out-
of-phase current contribution in iy, can be detected, revealing the temperature dependence on an inherent
polarization Bgp of the formed MFP phase [12]. With a successful formation of the MFP phase in the single
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Figure 2. Electroformation of a SrTiOj single crystal in an external electric field of 10° V m ™" superimposed by a sinusoidal
temperature excitation with different frequencies: decomposition of time-dependent current i into forming current ix and thermal
current iy, (top), data sets are shifted by 50 nA for each frequency. Time-dependent phase shift of pyroelectric current response
(bottom). The inset shows phase shift behavior at the transition point which was adjusted by xt before the transition to emphasize the
change in pyroelectricity.

crystal, the thermal current response shows a major phase shift of z, indicating metallic conductivity (see

figure 1, inset (d)). Accordingly, heating (0T /ot > 0) results in current decrease, whereas cooling (9T /0t < 0)
leads to a current increase. This effect is caused by the accumulation of oxygen vacancies at the cathode, leading
to a highly conductive area, known as the virtual cathode [16]. Here, the defect clusters form an electronic mid-
bandgap state [42] deep enough to trap electrons, which quenches irgc (compare insets of figure 1). It should be
noted that this metallic signature stems most likely from the virtual cathode alone, whereas the conduction
regime in the remaining crystal volume does not change. Conversely, the conductivity of the defect depleted
anode region is expected to drop and thus the overall conductivity of the sample does not change significantly.

Another important detail is the development of the amplitude of iy, during electroformation (see insets of
figure 1). At the beginning, a comparatively small amplitude evolves into a higher one at maximum g, where
formation of the MFP phase proceeds. The maximum amplitude of #1sc marks the largest number of mobile
oxygen vacancies in the whole bulk single crystal coinciding with the maximum of ix. Subsequently, when the
current amplitude 75 vanishes, the metallic current contribution equals the semiconducting one. At this time
the oxygen redistribution can be regarded as nearly complete. The metallic behavior of the recurring amplitude
is in accordance with the oxygen vacancy accumulation at the virtual cathode [16]. Conversely, the oxygen
vacancy clustering creates a defect band lowering the thermal excitability of the oxygen vacancies [42,43] (see
figure 4(b)).

Further experiments show the independence of i, and ir on the polarity of the external electric field
underlining the non-ferroelectric character. The external electric field aligns the oxygen vacancy migration and
therefore the polarization. In summary, this kind of measurement is suitable to track the movement of charged
mobile defects in oxides.

3.2. Pyroelectricity
Extracting the pyroelectric coefficient from the performed measurements deserves discussion of different
pyroelectric contributions (see equation (1)): first, the primary pyroelectric coefficient Pprim, - €aused by the
permanent dipole moment of the MFP phase; second, the temperature dependency of the dielectric constant £,
in an external electric field Ej; third, mechanical influences may cause polarization changes through the
piezoelectric and flexoelectric effects. We neglect secondary and higher-order pyroelectric effects because the
samples were measured at constant strain. Further, centrosymmetric strontium titanate shows no
piezoelectricity and the lattice parameter changes observed during the evolution of the MFP phase occur on a
significantly longer timescale than the thermal excitation [12]. Usingliterature data [11] for 4y, ), we estimate
two orders of magnitude lower flexoelectric polarization resulting from the temperature excitation than
observed. Hence, only primary and electric field induced pyroelectricity must be considered.

Figure 2 pictures the phase shift ¢ (¢) of the thermal current response of a SrTiO; single crystal during
electroformation with respect to the temperature excitation sine wave for different frequencies. It can be clearly
seen that the higher the thermal excitation frequency, the more phase shift occurs, which distinctively indicates
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Table 1. Relation of temperature excitation frequency with phase shift of pyroelectric current at times before and after electroformation and
resulting pyroelectric coefficients.

Excitation frequency Phase shift Phase shift
w (0.7 h) @(2.6h)

20 mHz —170.56° -173.93°
40 mHz —165.75° —-169.05°
60 mHz —160.94° —164.48°
P [MCK'm™2] -177 147

Pm3m
cubic
P4/mmm} P43m Pm3 P432 R3m
tetragonal cubic cubic cubic trigonal
Pim2 | Pi2m P422 P4/m | P4mm P23 Cmmm R3 R32 R3m
tetragonal tetrogonol tetragonal tetragonal fetragonal cubic orthorhon orthorhom. trigonal trigonal trigonal mo i
P4 €222 P4 Pmm2 § Cmm2 | P222 Amm?2 R3 c2 Cm Pi
tetrogonal | orthorhom. || tetragonal J ertherhom. | ertherhom. | orthorhom monoclinic [§ erhorhom. trigonal meonoclinic | menodinic triclinie
P2 Pm P1
monoclinic monoclinic triclinic

Figure 3. Translationsgleiche symmetry descents from space group Pm3m. The actual transitions (descend, across, and back) are not
shown for clarity. Blue color marks space groups with inversion symmetry, red color symbolizes pyroelectric space groups, and black
color indicates non-pyroelectric space groups without inversion symmetry.

symmetry descent

pyroelectricity. The major feature in ¢ (¢) is a change in phase shift of w at the crossing between dominating
semiconducting and metallic behavior as marked in inset (c) of figure 1. The deviation in phase shift from —x in
¢ (t) before the sign change is attributed to the field-induced pyroelectricity term in equation (1). If the phase
shift by win i, is removed from ¢ (1), it is obvious that|p, | is reduced by the formation of the MFP phase (see
inset of figure 2). Therefore, Pprim,z and &g Ey 0e4/dT differ in sign. However, this experiment is unable to
distinguish absolutely between field-induced and primary pyroelectric effect of the MFP phase. Since both
contributions are present and ¢, is reported inversely proportional to temperature [44], we assume that p ;. . is
positive and &y Ey 0e /0T is negative. Based on the remaining phase difference before and after electroformation,
apyroelectric coefficient Pprim,. 0f30 pC K~ 'm™? can be obtained (see table 1). Positive pyroelectric coefficients
are rarely found [45] and may be attributable to the field-stabilized nature of the MFP phase.

4. Discussion

4.1. Structure prediction for MFP phase

Based on the presented measurements, a coherent argumentation to predict the crystal structure of the MFP
phase follows. Relying on literature data [12] and additional x-ray diffraction experiments, only
translationsgleiche subgroups have to be considered for a symmetry descent from the cubic Pm3m of SrTiOs.
These 32 possible t-subgroups can be categorized into those with inversion center, pyroelectric and non-
pyroelectric space groups without inversion symmetry (see figure 3). From the remaining twelve pyroelectric
space groups, the seven with tri-, monoclinic, or trigonal symmetry can be strictly excluded [12] (see
supplementary material). Ruling out the three orthorhombic space groups with a twofold rotation axis is not
possible with certainty due to the diffraction geometry with hardly accessible hk0 reflections. A conceiveable P4
configuration with AFD-like twisted oxygen octahedra prevents the primitive centering and therefore has an
enlarged unit cell violating the requirement of a translationsgleiche symmetry descent. With the assumption of
no Jahn-Teller distortion, space group P4 can be entirely excluded due to the apical position of titanium in the
oxygen octahedron. Furthermore, structures with space group P4 are yet to be discovered in the perovskite
familiy [46]. Thus, only P4mm remains, which is in good agreement with structure-field maps from the
literature [45] reporting P4mm for A**B**O; perovskites. Consequently, all indications point to space group
P4mm.
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Figure 4. Schematic comparison between the initial and formed SrTiO; single crystal. Color scheme applies to all subfigures. a) Defect
separation: if an external electric field is applied, oxygen vacancies V) migrate, i.e., they accumulate at the cathode and deplete at the
anode. b) Electronic properties: as-grown SrTiO; shows semiconducting behavior because of shallow defect states near the
conduction band. Due to the defect separation, an insulating region at the anode (blue) and a metallic virtual cathode (red) [16] are
established. c) Crystal structure: without an external electric field, SrTiOj; crystallizes in a cubic unit cell. After electroformation, the
cubic structure remains only at the cathode and a unit cell elongated in (001) direction is formed at the anode.

4.2. Dielectric to pyroelectric phase transition

Combining these findings, it is now possible to discuss the peculiarities of the phase transition of cubic SrTiO;
into the MFP phase of SrTiO; in the framework of displacive or rotational [47] phase transitions of perovskites.
In general, materials undergo structural phase transitions when intensive state variables like temperature or
pressure are changed, e. g., all ferro- and pyroelectrics, such as LINbO3, LiTaO3, and BaTiOs, undergo a
structural phase transitions when temperature passes the Curie temperature Tc. As for SrTiO3, no complete
ferroelectric phase transition occurs: the experimentally proven pyroelectricity in bulk SrTiO; at room
temperature is unprecedented. In this material system, structural phase transitions can be created by
stoichiometry changes; as for example, in the solid solution series of Ba; . Sr, TiO3, [48,49] and PbZr; , Ti,0;
[47,50]. In contrast, the reported phase transition does not rely on extrinsic doping but uses intrinsic defect
engineering by defect migration. A delimitation regarding stress-induced phase transitions, which mainly
occur in thin films [51], is unnecessary because of their small impact on secondary pyroelectricity (compare
equation (1)). Furthermore, electric field induced phase transitions can be found in literature, where polar
structures of oxides [52, 53] and polymers [54] are involved. Usually the external electric field is coupled to
existing dipole moments. In contrast, the referred electric field induced dielectric to pyroelectric phase transition
is characterized as a structural phase transition from an originally centrosymmetric into a polar structure. These
experimental findings evidence the interaction of the electric field with charged species, e. g. defects like oxygen
vacancies V. Although Fleury et al [55] presented a field-induced phase transition in SrTiO; single crystals, it
should be noted that their measurements were performed at such low temperatures, that the electric field is
directly linked to soft phonon modes. Thus, this phase transition is to be categorized as a field-induced polar to
polar phase transition. In our case, electrostrictive effects can be excluded since no experimental evidence for
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lattice parameter changes were found besides the effects of defect migration (see supplementary data available at
stacks.iop.org/njp/17/013052/mmedia). Consequently, a classification as a displacive phase transition by defect
migration is appropriate.

To summarize the defect-chemical, structural, and electronic aspects of the phase transition into the MFP
phase of SrTiO3, the following model is presented (see figure 4): The initial state shows statistically distributed
oxygen vacancies that move to the cathode when an electric field is applied. The electroformation is finished
when defects are completely separated (see figure 4(a)). The MFP phase is established at the anode, where
oxygen vacancies are depleted, causing defect free unit cells with an inherent dipole moment [12] (see
figure 4(c)), which are responsible for the reported pyroelectricity. Analyzing the electronic situation during and
after electroformation (see figure 4(b)), single oxygen vacancies form shallow energy states near the conduction
band leading to the semiconducting behavior in the initial state. Through defect separation, oxygen vacancies
leave the anode, making this area insulating, and cluster at the cathode, generating deep traps to build up a
‘conduction band’ for metallic conductivity, as shown in section 3.1. Besides, the polar nature of the MFP phase
is confined to pyroelectric, because the dipole moments are not switchable without destroying the polar phase.

5. Conclusion

In summary, the field-induced redistribution of oxygen vacancies on SrTiO; causes a polar phase at the anode
with a pyroelectric coefficient on the order of 30 pC K~ 'm ™2 at room temperature, which is in the range of single
crystal pyroelectric oxides, like lithium niobate. Consequently, a dielectric to pyroelectric phase transition is
induced based on defect migration, which is accompanied by a symmetry breaking and the formation of an
inherent dipole moment in an originally centrosymmetric crystal structure.

From the crystallographic point of view, the present work introduces a new concept to extend the material
classes required for pyroelectricity by modifying centrosymmetric structures by defect engineering. Here, a
crystal structure prediction for the MFP phase with spacegroup P4mm is presented. With this space group
prediction and the already demonstrated field dependence of the lattice distortion of the MFP[12] phase, we
expect the pyroelectric coefficient of the MFP phase to be tuneable by the external electric field once
electroformation is concluded. Furthermore, it is demonstrated that pyroelectric measurement methods are
suitable to track defects due to their electric characteristics.
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