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Abstract: Significant applications of SrTiOj single crystals in electronics require knowledge about the
influence of structural imperfections on their optical properties. Birefringence temperature changes
were investigated in a few SrTiOj single crystals in a broad temperature range, from 85 K to 250 K. The
birefringence was found to be a non-linear function below the transition Ts at 105 K, and non-linear
changes in the optical indicatrix orientation accompanied it. A weak residual birefringence was
permanently present a dozen degrees above the phase transition temperature Ts. This is mainly
connected with dislocations, which induce local stresses and shift transition points even up to about
200 K. The essential role of imperfections on optical properties was studied in a SrTiO3 24° bi-crystal
reduced at 1000 K and under low oxygen pressure. In such an intentionally defected crystal, an
increase of non-linearities in An(T) dependence was observed below and above the transition point Ts.

Keywords: strontium titanate; birefringence; extended defects; bi-crystal

1. Introduction

The well-known phase transition in SrTiO3 (STO), around 105 K, between the cubic
Pm3m and tetragonal 14/mcm (with uniaxial indicatrix) phases, has been studied for
decades but has not been completely elucidated so far. Miiller and Berlinger [1] showed
that the phase transition in SrTiO; adopts a classical mean-field behaviour, except for a
region below Ts. However, between 101 K and Ts, the critical exponent 3 was found to
have the value 0.33 & 0.02. One of the first papers on birefringence measurements in STO
proved that an exponent critical value is 0.36 £ 0.02 [2]. In the same paper, a non-linear
temperature dependence of birefringence An was observed below Ts, with a small local
cusp close to Ts. Moreover, some traces of the birefringence could also be recognised a few
degrees above the transition point. A later birefringence-imaging study for [110] oriented
crystal [3] showed a phase transition close to 105 K with the critical exponent = 0.5,
pointing to a second-order mean-field transition in the whole temperature range below Ts.

On the other hand, in articles [4,5], several dozen Kelvins above the transition tem-
perature, precursor dynamics connected with the presence of low-temperature clusters
were discussed. However, the literature often reports the presence of dislocations in STO
single crystals [6-9], which break local symmetry by inserting SrO and TiO; planes into
the crystal matrix [7]. Furthermore, according to [10], the band gap shrinks, causing an
increase in conductivity due to the dislocations. Moreover, it was reported in [11] that the
presence of domains could have a significant effect on the birefringence. Hence, we de-
cided to re-investigate An(T) in a few STO single crystals to find the influence of structural
imperfections on their optical properties.

The other way to investigate the impact of dislocation stresses on birefringence is
by using a SrTiO; bi-crystal [7,11,12]. Especially high stresses appear near the bi-crystal
boundary and then expand out of it. The effect is magnified if such a crystal is subjected
to a redox reaction [13]. During this process, oxygen is removed from the structure, and
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oxygen vacancies are compensated by electrons and a titanium ion valence change from
Ti** to Ti>* [14]. This preferentially occurs inside the dislocations, producing metallic nano-
filaments along these extended defects [10,12,15-17]. In a single commercial crystal grown
by the Verneuil method, the dislocation density is approximately 10°/cm? [9,12,18,19].
This density increases not only after the redox reaction but also during crystal cutting and
polishing, especially near the surface region, and can reach 10° /cm? [12]. It must be stressed
that such extended defects decide the physical properties in the mesoscale, microscale,
and nanoscale [12,13,20]. In this article, we present an investigation of the birefringence
for visible light in STO crystals of different thicknesses using light transmitted through
them and thus being a result of the interrelation between the bulk and surface. The results
allowed us to visualise the inhomogeneous optical properties of STO crystals because of
dislocations in their structure, resulting from the crystal growth method, redox reaction,
and crystal mechanical processing.

2. Materials and Methods

Commercial SrTiO3 single crystals in [100] orientation with the thickness of 250 pum,
100 um, and 30 um and SrTiOj3 bi-crystal in [100] orientation with a tilt angle of 24° and
thickness of 250 um, produced by Verneuil growth (CrysTec GmbH, Berlin, Germany),
were studied. The crystals’ surfaces were squares of 5 mm x 5 mm.

The crystals were epi-polished on both sides by the manufacturers. Additionally, STO
single crystals in [100] orientation with a thickness of 30 um, grown by the Top Seeded
Solution Growth method, were also investigated.

The birefringence measurements were performed using a birefringence imaging sys-
tem (Metripol, Oxford, UK). The technique’s details can be found in [3,21]. The Metripol
consists of three data arrays (maps) representing images of the measured values of ¢,
Isind |, and Iy. The arrays are generated by applying the equations defining these values on
each pixel. To measure the intensity I of the transmitted light, a CCD detector was used with
1360 x 1024 pixels. Thus the CCD provides about 1.4 million separate measurement points
of the transmitted light intensity I. By recording I for ten polariser angles, Equation (1)
was used to find maps of ¢ and |sind|. The light intensity, measured by a microscope
equipped with a rotating plane-polariser, a circular-polarising analyser, and a CCD camera,
is given by the formula [22]:

[=051p x [1+sin2ep — 2«) x sind] D

where Iy is the intensity of polarised light passing through the sample (transmittance), o is
the angular position of the analyser as it rotates, and ¢ is the angle of the slow axis of the
indicatrix (indicatrix orientation) with respect to the horizontal axis of the microscope. The
parameter & is the retardance for the sample of a thickness t between the two orthogonal
components of the polarised light, and given by:

5=(2m/A) X An x t 2)

Here An means birefringence of the sample, and the wavelength of the light was
A =570 nm. The absolute values of |sind| and ¢ are shown on colour maps. When the
| sind | values are small, then the relation |sind | ~ & is well fulfilled, and the An could be
calculated directly from relation (2) provided the Isind| continuously goes to zero at Ts. In
such cases, the An(T) and @(T) runs are determined for selected areas from the maps.

The sample was heated in a high-precision Linkam TMSG600 (LINKAM SCIENTIFIC
INSTRUMENTS LTD.,Surrey, UK) temperature stage with a heating/cooling rate of 0.1
or 1 K/min. This hot stage maintains a temperature within an accuracy of 0.1 K. Ther-
mal reduction of the bi-crystal was conducted at 950 °C for 0.5 h under O, pressure of
1 x 1072 bar.
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The STO crystals were highly transparent for birefringence measurements in the whole
temperature range. It is assumed that below the continuous transition, such measurements
enable the critical exponent (3 to be computed according to the relationship:

An(T) ~ (Ts — T)*P 3)

where exponent 3 = 0.5 is expected for a continuous (second-order) mean-field transition.
In this equation, An is the linear birefringence, and Ts is the transition point. Equation (3)
can be written in the following form:

An(t) = const - (tzB) 4)

where t is the reduced temperature given by the ratio (Ts — T)/Ts. Hence, measuring An
as a function of temperature, the exponent 3 can be determined using:

In(An) = In(const) + 23 In(t) 5)

Such a procedure has been applied to determine 3 from the experimental results in
Figure 1.
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Figure 1. (a) Temperature changes of birefringence An in an STO single crystal with [100] orientation
and thickness 100 pm in a broad temperature range, from 83 K to 300 K. Note the stable orientation
of the optical indicatrix near 180°. (b) Exponent (3, determined below Tg in the 97% range of the data,
takes a value close to that for a second-order phase transition. The discrepancy from the 3 = 0.5 is
most probably connected with the incompletely single-domain state, especially close to Tg. This is
because the tetragonal STO is a ferroelastic material, and any strain from dislocations may break
locally the symmetry influencing the birefringence data. Tg = 102.6 K was determined based on the
minimisation of the standard error when fitting the An(Int) run with a linear function. (c,d) shows a
homogeneous shadowed rectangle 260 x 170 um?, out of the region with a fine domain structure, for
which the An and ¢ values versus temperature were calculated. Both (c,d) are shown at 83 K.

3. Results

This article compares the birefringence measurements for a few commercial STO single
crystals oriented in [100], mechanically polished, and of different thicknesses. While some
literature data on the An(T) runs are reported [2,3,5], there is a lack of information about
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the simultaneous temperature changes of the indicatrix orientation ¢ and birefringence
An. Both ¢ and An have been determined for optically homogeneous crystal areas or
inside a single domain. The behaviour was different for different regions, even in the same
sample. Interestingly, these data allowed us to consider the influence of extended defects
on birefringence in a broad temperature below and above Ts. Additionally, to prove the
impact of extended defects, we compare an intentionally defective structure upon thermal
reduction near and far from the bi-crystal boundary.

3.1. Birefringence and Optical Indicatrix Orientations in SrTiO3z Single Crystals

Figure la presents the temperature change of birefringence An in a [100] SrTiO; single
crystal of 100 um thickness on heating with a 0.1 K/min temperature rate. Although the
orientation of the indicatrix was constant, as expected for this structural transition (green
points in Figure 1a), the temperature dependence of birefringence is almost consistent with
a second-order phase transition. Figure 1b shows calculations of the critical exponent f3,
which takes values not far from that expected for a second-order transition. The charac-
teristic is that above 100K a non-linear An(T) run begins, as also observed in [2], and is
connected with the appearance of nano-ferroelastic domains because of defect-induced
local stresses rather than due to critical fluctuations as suggested in [1].

For other investigated STO crystals, the ¢(T) runs did not take a constant value, as
expected for this structural transition, and direct calculations of birefringence An cannot be
conducted. Figures 2 and 3 show the temperature dependence of 1sind | and ¢(T) near Ts
for areas with a homogenous data distribution (areas of homogeneous colour on the |sind |
map). As is seen, in each crystal, |sind | is a strongly non-linear function of temperature
below transition at Ts. To better follow the results obtained, their description is included in
the extended captions under the figures.
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Figure 2. Temperature dependence (1 K/min) of Isind| and indicatrix orientation ¢, calculated
for areas (a) 56 x 50 um?, (b) 20 x 22 um?, and (c) 37 x 36 um? (maps presented at 83 K), inside
differently oriented regions (domains) in [100] oriented STO crystal of thickness 250 pum. In all cases,
unconventional behaviour of ¢(T) below Ts is observed. The ¢(T) should take a constant value, as in
Figure 1a. Non-linear ¢(T) runs point to an inhomogeneous volumetric structure of the commercial
STO single crystals. It is worth mentioning that the cusp in the |sind I (T) run in (c) is similar to that
reported in [2]. Note that in [2], no measurement of indicatrix orientation was reported.
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Figure 3. Temperature dependence (1 K/min) of Isind | and indicatrix orientation ¢ for [100] SrTiO3
single crystals of thickness 30 um calculated inside the domains in the area (a) 15 x 15 pum?; and
(b) 15 x 17 um?, marked by the shadowed rectangle and presented on Isin§| and ¢ maps for
83 K. Even inside the same domain, and at the smallest changes of the indicatrix orientation ¢, the
I'sind | dependence calculated for close regions differ considerably. This points to the huge influence
of local elastic stresses on crystal properties. The rich literature, to mention a few [23-28], on the defects in
STO crystal, indicates the main role of dislocations created during crystal growth and/or their polishing.
This becomes clearly apparent in a thin crystal with a thickness of 30 um. As shown in [12], the highest
dislocation density in the surface region occurs just up to the thickness of about 30 um [12].
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The investigations of the optical STO properties in a broad temperature range have
revealed the different birefringence behaviours below Ts. Moreover, it was impossible to
extract the value of Ts, and hence we have an arbitrary denoted transition point at 105 K.
However, in every investigated single crystal, regardless of their thickness and regions
taken for calculations, non-zero birefringence existed up to dozens of degrees above Ts
(Figure 4). We have found that the threshold of birefringence disappearance was near
210 K.

|sing| |sing|
0.12 1 thickness 250 pm y 0.12 1 7
thickness 100 pm
60 x 150 pm?
20 x 22 pm? 140 x 140 pm?
|sing
37 x 36 pm? thickness 30 pm
0.08 - sl 4 0.08 -
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D.015~|
0.04 e T= 210K 0.04
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160

180 200 220 240 120 180

100

140 160

Temperature (K)

(b)

Figure 4. Temperature dependence of |sind| for a broader temperature interval 85 K-250 K: (a) three
regions for a crystal with a thickness of 250 pm; (b) two areas for a crystal with a thickness of 30 pum
and one for a crystal with a thickness of 100 pm. We believe it is not an accident that in all the investi-
gated crystals, the |sind | disappears around 180-210 K. Note that the |sind | (T) runs are different for
different crystals, suggesting that they originate from heterogeneously distributed extended defects
in the crystal volume. If the leading role is attributed to dislocations, we can understand the existence
of the same critical temperature of stress-induced birefringence. Interestingly, the thinner the crystal,
the greater the |sind | value above Ts. This can be related to the surface-bulk interrelationship, which
is stronger for thinner crystals, meaning that defected surface is meanly responsible for the presence
of birefringence above Ts. It could also be that the thinner crystals have fewer stacked domains
through their thickness.

3.2. Birefringence and Optical Indicatrix Orientations in a SrTiOz 24° Bicrystal

It is known that regions with a high density of dislocations are created in bi-crystals,
especially at the boundary between the tilted STO counterparts. Such an accumulation
near a boundary must impact the electrical and optical properties [29]. As reported in [12],
the ideal distribution of dislocations along the boundary is characterised by a distance
of a few nm. It is expected that the extended defects, such as dislocations in bi-crystals
reported in [6,7,12], should have a high impact on the optical properties of SrTiO3. Indeed,
it was reported in [25] that in the SrTiO3; bi—crystal with a tilt angle of 24°, there are highly
defected regions of 0.1-1 um in diameter. In this study, we describe experimental results on
the same STO bi-crystal, and we have observed a much more defective structure near the
bi-crystal boundary. The results are shown in Figures 5 and 6 and commented on in their
captions. Interestingly, the temperature point of complete disappearance of birefringent
regions occurs near 170 K, independent of the distance between the considered areas to the
bi-crystal boundary.
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Table 1 presents the most characteristic features of the investigated commercial STO
single crystal. Discrepancies are prescribed to defects, mainly dislocations, produced
during the growing process or mechanical treatment of the crystal surfaces (polishing).

1.000

|sind)|

0.000

(@)

Figure 5. (a) Arbitrary chosen |sind | maps below and above transition at Ts in the bi-crystal SrTiO3
with [100] orientation, 250 um thickness, and 24° tilt. Fine domain structure disappears above the
transition point, but the crystal is not isotropic; the maps do not show homogenous colour. The
boundary between the tilted crystals is birefringent up to room temperature. Characteristically,
strongly birefringent points occur along the boundary — strong bright blue droplets—well seen
in (b), which can be explained as bundles of dislocations. Interestingly, the distance between the
bundles—estimated to be 13 um—is periodic, as is the stripe domain structure.
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Figure 6. Dependence |sind|(T) calculated for reduced SrTiO; bi-crystal, measured at the rate
1K/min, in two different homogeneous areas marked as shadowed rectangles on |sind | and ¢ maps
for 83 K: (a) 34 x 32 um? far from the boundary; (b) 41 x 47 pum? near the bicrystal boundary. The
much lower value of |sind | (T) and distinctly different run of |sind | (T) near the bi-crystal boundary
demonstrate the significant stress-induced impact in these crystals; (c) sind | (T) with particular
reference to the run above Ts. Only in the defected bi-crystal does the characteristic local maximum

occur near 170 K. This may be interpreted as the limit to which the local stresses from the dislocations
destroy the cubic STO structure.

Table 1. The most characteristic features of the investigated commercial STO single crystal.

Thickness Ts Tvpe of Transition Birefringence
of STO Crystal yP Disappearance/Value
30 pm Difficult to determine Difficult to determine 210 K/strong
100 um 102.6 K Close to sec‘qnd—order 210 K/very weak
transition
250 um Close to 105 K Difficult to determine 210 K/ average
24 bi-crystal 250 pm Close to 105 K Difficult to determine 180 K/strong, with a peak at 170 K

4. Discussion

Strontium titanate is ferroelastic perovskite and undergoes structural phase transitions
near 105 K between the cubic and the tetragonal structures near Ts [26] with space groups
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notation Pm3m and I4/mem [3,27], respectively. Certainly, it is worth mentioning that the
tetragonality is extremely small at this transition and is of the order of ¢/a ~ 1.0005. In addi-
tion, surface properties differ from the bulk because the defect concentration depends on the
sample depth [30,31] and impacts crystallographic parameters, such as mosaicity [7,12] and
lattice parameter variation. As Hiinnefeld et al. [30] proved, the occurrence of a long-range
strain gradient gives rise to phase transition temperatures in the bulk of the different SrTiO3
samples between 98.7 K and 105.8 K. In recent years, special attention has been devoted to
the presence of dislocations and their role in [6,7,10,12,15,24,29,30,32-39]. Unsurprisingly,
an increase in the transition temperature in a region close to an edge dislocation can be
extremely high and reach 255 K and even 340 K, as reported in [9]. We consider that, as
described above, the unreproducible results on birefringence below Ts, change from crystal
to crystal and from neighbouring areas, resulting from the presence of dislocations.

Interestingly, in all the investigated crystals, the birefringence, although not of the
same dependence, was observed until 210 K. This looks like a shift of structural phase
transition due to defect-induced stress. Assuming that it is connected with dislocations,
we adopted the consideration by Wang et al. [9] to estimate stresses induced by these
dislocations. The free energy of the tetragonal SrTiOj; is lowered in the strained regions in
the sample and is described by the Landau free-energy density F:

F=05 x [T — (Ts+ Ko)] Q> + ... (6)

where K is a constant in the term describing the coupling between the stress o and the
order parameter Q. This free-energy density F indicates the existence of regions with an
increase of the transition temperature Ts by an amount equal to Ko due to the actions of
the stress o:

Ts" =Ts + Ko 7)

This means that some regions with non-paraelectric phases may exist above the transi-
tion point Ts. According to our studies (Figures 4 and 6c), the Ts” = 210 K and Ts = 105 K.
If we designate K = 28 K/GPa for SrTiOj3 in [28], the calculated stress o = 3.75 GPa. At
such a value, the theoretical calculations for SrTiO3 [40] predict a phase with tetragonal
symmetry with antiferrodistortive instability and its interaction with ferroelectricity. Thus,
the observed birefringence in a few STO crystals up to 210 K can be understood. It is
worth mentioning that the stress field of a dislocation was established as o(r) = rlata
point a distance r from an edge dislocation [9]. Because it is known that the density of the
dislocations decreases with increasing depth from the crystal surface, the high dislocation
density in the surface region gives a relatively high birefringence above 105 K. The proof
can be seen in the thin (30 um) STO crystal in Figure 5b. Another piece of evidence of
stress-induced birefringence is provided by first-principles calculations [40]. It was shown
that pressure strongly impacts the transition point in STO (Figures 2 and 3 in [40]). For
pressure about 4 GPa, i.e., as calculated above, the transition to the cubic phase is expected
to be near 200 K, as in our experimental observation.

It is also worth noting that two-time scales in STO have been discussed [5]. The first is
connected with static-ordered domains produced by surface long-range order defects, and
the second is with frozen impurities giving rise to a central peak in scattering experiments.
The latter occurs around 180 K, roughly at the same temperature, and is caused by finite-
size dynamical clusters preceding the phase transition, thus questioning the notion that
the transition is purely displacive in STO. Such clusters can, however, be induced by the
presence of heterogeneously distributed dislocations in the whole crystal volume.

It was revealed in [39,41] that in the dislocation core, the region of Sr depletion is
enriched in Ti of lower valence than Ti**. Local co-ordinations of the edge-sharing TiOg
octahedra point to a local strain (tension) were produced because of the existence of
dislocations. This local strain causes the appearance of a face-centred-cubic TiO phase,
which is formed around the dislocation cores. The TiO lattice constant is larger than STO,



Crystals 2023, 13, 985

10 of 12

and the TiOg4 octahedra accommodates that tensional strain. Hence, dislocation-induced
strain modifies the local STO structure, which birefringence measurements detect.

In the article [2], birefringence measurements were performed on a monodomain
platelet of thickness 0.27 mm. Hence, a birefringence tail, presented in Figure 2 in that
article, was explained by anisotropic fluctuations in the oxygen octahedra tilt angle. Such
a cusp was also observed by us too and presented in Figure 2¢, but it was not universal
behaviour. Depending on crystal thickness and degree of defects (dislocations) density,
the temperature dependencies of birefringence near Ts were different and non-repeatable.
Hence, we suggest that this cusp is associated either with stacked domains throughout
the crystal thickness or local stresses because of dislocations producing local ferroelectric
nano-domains below Tg and is not an inherent feature of the transition.

5. Conclusions

We have shown that the optical properties of commercial STO single crystals reveal
heterogeneous optical properties (in the range of visible light) in a broad temperature range.
This is seen by studies of the birefringence, which behaves non-linearly below the transition
at Tg around 105 K, and which exists locally even at 200 K. Only above this temperature do
the optical properties stabilise, although in the nanoscale—due to the dislocations—local
ferroelectric, ferroelastic and piezoelectric properties can be found at higher temperatures.
This is clearly seen in the case of the bi-crystal SrTiO3 in Figures 5 and 6. While fine-
domain structure disappears, as expected, at the transition point, the crystal became weakly
birefringent far above the transition. In particular, the boundary between the tilted crystals
was birefringent up to room temperature, with strongly birefringent points along the
boundary, which may be explained as being due to bundles of dislocations. Based on these
data, we consider that these dislocations influence the irregular changes in birefringence
and optical indicatrix presented in Figures 2—4. It was proved in articles [23-28] that the
main role among the defects in STO is dislocations, which are created during crystal growth.
Another factor introducing high-density dislocations in STO is crystal polishing. This was
observed in a thin crystal with a thickness of 30 um (Figure 4). It is worth mentioning
that the highest dislocation density in the surface region occurs even up to a thickness
of about 30 um [12]. That is why Figure 3b shows no trace of a transition expected near
105 K, but which was pushed far above the transition point compared to a potentially
stress-free crystal.

All this should be considered when commercial STO single crystals are used in optical
and electronic applications, as they depend mainly on the electronic structure. As reported
in [16], the core of dislocations investigated using scanning transmission microscopy (EDX
with atomic resolution) and electron-energy loss spectroscopy showed essential differences
in the electronic structure in the core of dislocations and the matrix. Mostly t is because
of the presence of the Ti*>* ions and oxygen ions, which leads to local electron density
fluctuations and much higher conductivity. It is worth stressing that STO reduction under
low oxygen partial pressure or due to an electro-degradation process can easily modify this
electronic structure. It can even cause a switch from a semiconducting to a metallic state
for STO crystals. Birefringence described in this article is one of the physical properties
showing the influence of such processes on STO properties.
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