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The high pressure structural phase diagram of EuTiO3 is revisited by means of single crystal X-ray diffraction
at pressures below 30 GPa. We report a transition at about 3 GPa with a surprisingly small lattice distortion.
At 23 GPa we have detected a yet unknown transition into a new orthorhombic phase (space group Ibam).
Combining our observations on structures obtained on single crystals and polycrystalline samples with comple-
mentary methods such as electrical resistivity and nuclear forward scattering of synchrotron radiation measured
on polycrystalline samples we address issues relevant to chemistry and disorder.

I. INTRODUCTION

The phase equilibrium in perovskites is very sensitive to
slight variations of external parameters, and it is no surprise
that changes of pressure and temperature produce effects sim-
ilar in magnitude as chemical pressure, ¢.e., the ionic radius
of the ions involved in the structure, their concentration, the
concentration of defects.

SrTiOs3 is one of the benchmark compounds with a per-
ovskite structure highly appreciated for its electrical proper-
ties, e.g., in varistors' and microwave filters?>. EuTiOs is an
incipient ferroelectric, similar to SrTiOgs. It hosts a magnetic
cation and a magnetic transition to a G-type antiferromagnetic
phase® occurs at about 5.5 K at ambient pressure. This mag-
netic state is found to be switchable by an electric field in
strained films that exhibit a giant magnetoelectric coupling®.

The phase diagram in SrTiOg is very well documented.
At ambient pressure a structural transition from a cubic to a
tetragonal structure® occurs at about 110 K. The pressure-
temperature phase diagram in SrTiO3 is well established up
to 53 GPa®. Given the similarities in the high temperature
structure, the volume of the unit cell, the bulk moduli of
SrTiO3 and EuTiOgj it is reasonable to assume that similar
phase transitions would be observed driven by similar contrac-
tions induced either by variation of temperature or pressure in
EuTiOg3. It is, thus, attractive to study the phase equilibrium
in EuTiO3 under externally applied pressure and/or variable
temperature.

The available literature on the structural phase equilib-
rium at ambient pressure in EuTiO3 contains many contro-
versies. For example, cubic, space group Pm3m, symmetry
of EuTiO3 was long believed to be stable down to 4 K’. In-
dications for an antiferrodistortive phase transition to a tetrag-
onal, space group I4/mem, phase were reported with criti-
cal temperature varying between 200 and 287 K®'2. Goian
et al.,"? reported by means of electron diffraction a low tem-
perature incomensurate phase which shows a treatment his-

tory dependent stuctural behaviour. Kennedy et al.,'* used a
combination of X-ray and neutron scattering as well as elec-
tric and magnetic measurements and attributed the observed
discrepancies to the oxygen stoichiometry and defects. In a
previous study'> on purely Eu(II) containing polycrystalline
EuTiO;3 indications of a structural transition were missing
down to 10 K. Instead, Eu delocalization was observed and
attributed to short-range coexistence of competing crystallo-
graphic phases with candidate space groups: Imma, R3¢ and
I4/mem.

The influence of stoichiometry and purity in the phase
equilibrium of EuTiOs3 is clearly mentioned in several stud-
ies, e.g., the effect of nitrogen substitution or oxygen
content'®!”, hydride substitution'®, and presence of Eu®*
ions'®. However, considering the experimental literature on
EuTiO338- 111471820223 on]y few studies have used methods
sensitive to the valence state of the cations, e.g., Mossbauer
spectroscopy which is sensitive to Eu'® and X-ray photoelec-
tron spectroscopy which is sensitive to the valence state of
both Eu and Ti'®!7.

The influence of pressure and temperature on EuTiO3 was
reported by Parisiades et al.,?” utilizing X-ray powder diffrac-
tion. The authors used samples prepared in the same way as
in Ref.?. At room temperature, a transition from the cubic
phase (space group Pm3m) to the tetragonal phase (space
group I4/mcm) is indeed observed at about 3 GPa. How-
ever, only limited information on the structure is available in
the study by Parisiades et al.,”’. Access to diffraction data by
single crystalline samples could shed more light on the intrin-
sic structural variations in EuTiOs under externally applied
pressure, which could be related to other physical properties
of the material.

In this study we report that single crystalline EuTiO3 at
300 K exhibits two distinct structural phase transitions up to
30 GPa. At 3(1) GPa super-structure reflections to the Pm3m
space group appear without any splitting of the main reflec-
tions. In good agreement with Ref.?’ this new structure can
be indexed as a tetragonal phase (space group I4/mcem), and



is similar to the “pseudo-cubic” structure reported in Ref.'3.
At 8(1) GPa a splitting in the main reflections of the latter
structure is observed. At higher pressure, 23(1) GPa, an-
other transition to the Ibam space group is observed. More-
over, we indicate that purely Eu(Il) containing polycrystalline
EuTiO3 exhibits a single valence state up to 20 GPa and that
the Eu magnetic ordering features are missing down to 20 K
at 20 GPa.

II. METHODS

Both single crystals and polycrystalline samples have been
used in this study in order to check the consistency of the crys-
tallographic results at high pressure. For the same reason, we
used two pressure transmitting media and the data was col-
lected in two synchrotron radiation facilities.

The polycrystalline samples - used herein - are from the
same batch as in Ref. !>, while the single crystals are from the
same batch as in Ref. '>?*. Both the polycrystalline samples
as well as the small single crystals used here exhibited a sim-
ple structure without superlattice peaks at ambient conditions.
Between the studies, the samples were stored at ambient con-
ditions for about 3 years and show no sign of aging.

The data obtained by single crystals was collected at the
station PO2.2/PETRAIII (wavelength: 0.2893 A). The beam-
size was 3 um x 8 um. We used single crystals with approxi-
mate dimensions 15 pm x 15 pm x 10 ym loaded into a sam-
ple chamber of a diamond anvil cell equiped with diamonds
of 300 pm culet size. The pressure transmitting medium used
for the single crystal loading was Ne. Notably, the data ob-
tained in a well prepared single crystal experiment is usually
free from micro-strains, e.g., inter-grain strain broadened X-
ray diffraction profiles. The X-ray diffraction patterns were
obtained by rotating the sample £28 deg around the w axis
in steps of 0.5 deg. The acquired data was analyzed and re-
fined using the software packages: DIOPTAS?, FIT2D %,
CRYSALIS PRO 7 and JANA2006%%.

The structural phase equilibrium under externally applied
pressure was further studied by diffraction of synchrotron ra-
diation on polycrystalline samples at room temperature at sta-
tion PO2.2/PETRAIII (wavelength: (0.2898 A), see Supple-
mentary Material, and ID27/ESRF (wavelength: 0.3738 A),
see Fig. 2. All diffraction data was collected using a 2D
detector, i.e., PE XRD1621 and Marl65, respectively. The
diffraction data was refined with JANA20062%. The pressure
media used for the polycrystalline sample loading were: a
methanol - ethanol mixture (4:1) and Ne for the data obtained
at PETRAIII and ESREF, respectively. In both cases a diamond
anvil cell with 200 ym diamond culet size and rhenium gas-
kets were used. By employing Ne as pressure transmitting
medium we tried to minimize effects of deviatoric stresses in
the samples under study. Notably, although Ne solidifies at
about 5 GPa at 300 K the pressure gradients remain less than
1% even up to 50 GPa”.

In order to compare the results obtained in this study with
existing reference data'* and to provide a benchmark for
future studies, the charge carrier density in the polycrys-

talline samples is quantified using electrical resistivity mea-
surements. The electrical resistivity data was measured be-
tween 5 and 300 K using the four probe method on a small
rectangular parallelepiped piece of EuTiO3 in 10 mbar He
using the Quantum Design-Physical Properties Measurement
System (QD-PPMS).

Moreover, ">'Eu Nuclear Forward Scattering® (NFS) mea-
surements in polycrystalline EuTiO3 were carried out at the
beamline ID18/ESRF under externally applied pressure, up to
20 GPa, and the potential Eu magnetic ordering at low temper-
ature, down to 20 K, was studied. The lifetime, {5 = 14.4 ns,
of the '®'Eu first excited state at 21.541 keV fits in the inter-
bunch time spacing of 176 ns in the 16 bunch mode operation
of ESRF. The '°'Eu natural isotopic abundance 47.8% is ade-
quate to carry out NFS measurements without further isotopic
enrichment. A diamond anvil cell with 500 pm diamond culet
size and stainless steel gasket was located in a cryostat. The
pressure medium was paraffin oil. The pressure was moni-
tored before and after each actual measurement by measuring
the fluorescence of a ruby close to the sample. An average
pressure value and the corresponding error bars are provided.

III. RESULTS
A. Single crystal X-ray diffraction

A transition from a cubic symmetry (space group Pm3m)
to a tetragonal symmetry (space group [4/mcm) at about
3 GPais identified in our data obtained by single crystals. This
transition manifests through an appearance of new reflections
which are forbidden in the Pm3m space group, see Supple-
mentary Material. Similar to Ref.!> we observe reflections
with a wave vector of (1 1 1) in the Pm3m space group.
Such reflections correspond to the (2 1 1)* set of reflections
in the tetragonal symmetry (space group I4/mem) with lat-
tice parameters relation arg/mem = bramem = V2a Pm3m
and ¢14/mem = 2Cpy,3,,- Unlike in Ref. '3, we could not
detect any signal from an incommensurate phase.

The transition from the Pm3m space group to the [4/mem
space group leads to formation of twins. This effect was repro-
duced in various sample loadings. The observation of twin-
ning did not prevent us from conducting structural refinement
and obtain good quality data at higher pressures *'. The split-
ting of the main Bragg reflections in the tetragonal symmetry
become obvious at about 8 GPa. Above 23 GPa a new trans-
formation into an orthorhombic symmetry is identified which
could be indexed using the Ibma space group, see Fig. 1.
Detailed tables with information on single crystal diffraction
data refinement can be found in the Supplementary Material.

B. Powder X-ray diffraction

Characteristic X-ray diffraction patterns from polycrys-

talline samples as function of pressure with @ up to 5.5 A
are recorded in this study. The observed powder rings are uni-
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Figure 1: (Left) 2D X-ray diffraction pattern of single crystalline EuTiOs measured at 28.5(1) GPa. Tick marks illustrate signal relevant to
the high pressure environment (diamond anvils, Ne pressure medium) and the sample. (Right) An excerpt 1D representation of the same 2D
diffraction pattern (black tics) and the Le Bail refinement (pink line). The expected reflection positions are given at the bottom. Splitting of
the reflections demonstrated in the 1D pattern on the right corresponds to shift of individual reflections to lower and higher 26 with respect to

the reference orange line indicated by red arrows on the left.
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Figure 2: (a) Typical X-ray diffraction patterns obtained by poly-crystalline EuTiO3 between 3 and 34 GPa at room temperature (black data)
with Ne as pressure transmitting medium obtained at ID27/ESRF. The pressure dependence of the Ne(1 1 1) reflection is highlighted. The solid
lines (red) show the refinements. The highlighted regions indicate the reflections which clearly split above 10 GPa. The reflection indexing is
given in the Pm3m space group. (b) The emergence and the pressure dependence of the (2 1 1), reflection in the I4/mcm symmetry above
3.3 GPa. (c) The Full Width at Half Maximum (FWHM) of typical reflections indexed in (a). Typical errorbars are given.



form and do not exhibit significant spikes from large grains
of EuTiO3. Typical Le Bail refinements are given in Fig.
2a. A weak reflection, which appears at 12 GPa between the
(111).* and the (2 0 0). reflection, with strong pressure de-
pendence corresponds to the Ne (11 1) reflection. A grad-
ual emergence as function of pressure of a reflection between

25A " and 2.9 A~ is observed which corresponds to the
(21 1), reflection in the I4/mcm space group, see Fig. 2b.
For a pressure up to 10 GPa, certain reflections, e.g. (2 0 0).,
broaden significantly, see the Full Width at Half Maximum
(FWHM) in Fig. 2c. This is well correlated with our observa-
tion on twinning and splitting of the reflections in single crys-
tals. However, the situation in polycrystalline samples can be
more complicated because of inter-grain micro-strains. Above
10 GPa a clear reflection splitting is observed, see highlighted
regions of Fig. 2a. One specific reflection, (1 1 1)., not only
does not split even up to 35 GPa but its FWHM shows within
the errorbar a linear dependence as function of pressure, see
Fig. 2c. Finally, a significant width increase for the (2 2 0),
reflection and reflections with higher () values is observed
upon compression.

Similar X-ray diffraction measurements were carried out
using a methanol - ethanol mixture (4 : 1) as a pressure trans-
mitting medium?®'. The diffractograms below the observed
phase transition are essentially the same and the structural
phase transition appears at the same pressure range. However,
the pressure at which the structural phase transition occurs co-
incides with the hydrostatic limit of the methanol - ethanol
mixture®”, and thus the result obtained at this pressure range
cannot be conclusive from this data alone.

C. Electrical resistivity

The electrical resistivity curve measured in this study at am-
bient pressure on a polycrystalline EuTiO3 sample from the
same batch is depicted in Fig. 3a. The electrical resistivity
of the sample first decreases between 5 and 30 K and then in-
creases between 40 and 300 K. The electrical resistivity of
two characteristic EuTiO3 samples, namely #3 (insulating be-
havior) and #4 (metallic behavior), taken from Ref. '* along
with the measured concentration of charge carriers is depicted
for comparison. From a comparion between the measured and
the reference data, a charge carrier density concentration for
the polycrystalline sample under study is estimated to be about
10'8 carriers/cm®.

D. Nuclear forward scattering

The ''Eu NFS spectrum obtained on a polycrystalline
EuTiO3 sample from the same batch at 20 GPa and 20(10) K
is shown in Fig. 3b. The spectrum can be unambiguously
explained by dynamical scattering that originates in the large
nuclear effective thickness of the sample®>. As in all other
spectra we did not observe any quantum beats which could be
attributed to magnetic ordering?'.
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Figure 3: (lower panel) The electrical resistivity of EuTiO3 between
5 and 300 K measured in this study (black ticks) and similar curves
(red, blue) obtained in Ref. '* with the corresponding concentrations
of charge carriers. (upper panel) The nuclear forward scattering spec-
trum obtained on EuTiO3 at 20(10) K and 20GPa (black tics) and a
fit of the experimental data using dynamical scattering that originates
in the effective thickness of the sample (red line).

IV. DISCUSSION
A. Symmetry analysis and phase diagram at high pressures

Several ambient pressure studies indicate that the space
group for the low temperature ground state of EuTiOjs is
I4/mem® !, The same I4/mem space group is expected to
be the ground state at high pressure. The appearance of a new

reflection between 2.5 A" and 2.9 A”" above 3 GPa which
can be indexed as a (2 1 1), type of reflection in the 74/mem
space group clearly indicates that the system distorts towards
a tetragonal symmetry. The lower panel of Fig. 4 shows the
lattice parameters ratio evolution. Although the (2 1 1), type
of reflection appears as low as 3 GPa it is at 8(1) GPa that the
effect is clearly visible in the lattice parameters ratio measured
both on polycrystalline samples and single crystals.

A summary of the high pressure structural phase diagram
at room temperature is given in the upper panel of Fig. 4.
Notably, above 7 GPa the measured crystals appeared to be
twinned and the effects is stronger when the pressure in-
creases. We have verified this effect on several crystals. Thus,
twinning seems to be an intrinsic phenomenon in bulk EuTiO3
at high pressures. The transition to the orthorhombic phase
above 23 GPa is not reported by Parisiades et al.,”’. This
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Figure 4: (upper panel) A summary of the phase diagram of EuTiO3 at 300 K up to 30 GPa obtained in this study using single crystalline
(s.c.) samples. By the term of weak or strong twinning we indicate the effect of compression on mosaicity and overlapping of the reflections;
see text. (lower panel) The normalized lattice parameter ratio (transformed into the original cubic setting) across the structural phase diagram
shown in the upper panel. Typical errorbars are given. The dashed lines are guides to the eye.
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obtained from the room temperature elastic constants mea-
sured by Li et al.,”® using a similar technique. However,
this value is in contrast with the isothermal bulk modulus of
~ 50 GPa extracted from the pressure dependence of the lat- et al.,'* at room temperature. Though differences between
tice parameter presented by Guguchia et al .23 and is not com- the adiabatic, By, and the isothermal, By, bulk moduli are ex-

patible with a Young modulus of ~ 4 GPa measured by Goian pected, the lowest possible By value is equal to the isothermal



bulk modulus according to the relation: Bs = (Cp/Cv)Br,
where Cp and Cv is the heat capacity at constant pressure and
volume, respectively. Significantly lower reported bulk mod-
uli could, thus, be attributed to experimental uncertainties or
systematic errors.

C. Analogy between SrTiO; and EuTiO3

EuTiO3 and SrTiO3 have very similar unit cell volumes and
bulk moduli, thus, a direct comparison of their high pressure
behaviour could be expected. The transition pressure to the
tetragonal phase for SrTiO3 at room temperature is at about
9 GPa®. A clear indication of a structural transition towards
the 74/mem space group is detected in EuTiO3 as low as
3 GPa on three samples of different origin, namely, our pre-
characterized powder!®, our single crystals '>%*, and the pow-
der of Parisiadis et al., ?°. In this study we moreover show
that a second transition to an orthorhombic phase occurs at
23(1) GPa in EuTiOs. If a direct comparison of the high pres-
sure behaviour between SrTiO3 and EuTiOsg is valid, the ra-
tio of transition pressures to the tetragonal symmetry between
SrTiO3 and EuTiOg indicate that a transition to an orthorhom-
bic symmetry is expected to take place in SrTiOz at around
70 GPa. A current review of the literature pertinent to the high
pressure phase diagram of (Sr,Eu)TiO3 does not report such a
transition to the orthorhombic phase **. Thus, currently any
comparison between the high pressure behaviour of SrTiO3
and EuTiOs3 should be done carefully, which seems appropri-
ate, given the difference in electronic configuration, atomic
volume and presence of f-shells in EuTiO3.

D. Stoichiometry and disorder

Sagarna et al.,'’ suggested that even small oxygen off-
stoichiometry might produce an observable amount of Eu(III)
which may modify physical properties. However, Kennedy
et al.,'* claimed that oxygen vacancies result in negative sign
in the Hall coefficient which is consistent with a Ti(IV) to
Ti(II) change. In order to clarify the partial population of the
Ti 3d orbitals expected in the presence of 3d* Ti (III), elec-
trical resistivity measurements were carried out on our poly-
crystalline samples, see Fig. 3a. The measured resistivity in
this study is in the carrier concentration region where a tran-
sition from a metallic to an insulating behavior is observed,
here at 35 K. This region corresponds to ~ 108 carriers/cm®.
The theoretically expected critical charge carrier concentra-
tion for the transition given by the Mott criterion®” for EuTiO3
is 108 carriers/cm3, i.e., three order of magnitudes lower
than the charge carrier concentration extracted in this study.
Such a difference according to Kennedy et al.,'* can be at-
tributed to a significant degree of disorder due to the defect
induced random field of potentials.
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Figure 6: The relative rotation angle of the TiOg octahedra up to
30 GPa calculated in the structures identified in this study. The
dashed line is a guide for the eyes.

E. Retation of Oxygen octahedra

The most commonly accepted type of disorder in the per-
ovskite structure is related with the rotation of the corner
sharing oxygen octahedra. Parisiades et al.,”’ tried to esti-
mate the relative angle for the rotation of such octahedra in
EuTiOg, however, the authors had only limited access to struc-
tural information. Our data obtained on single crystals al-
low us to make a step further and shed more light on subtle
effects of compression on the structure of EuTiO3z. Fig. 6
shows the extracted rotation angle for the TiOg octahedra up
to 30 GPa. The relative rotation angle in the tetragonal phase
(I4/mem space group) is finite and non negligible even at
3 GPa. The process of TiOg rotation stands behind the ap-
pearance of the new reflections differentiating the cubic phase
of EuTiO3 from the tetragonal one. We observe an increase
of the rotation angle with compression. However, the rotation
angle seems to approach a constant value in the vicinity of the
transformation into the orthorhombic phase. This practically
means that the relatively large Eu?" ion compared with the
compact TiOg framework may accommodate for an external
stress by means of Eu-site distortion. In this case the TiOg
octahedron remains ideal, see table in Supplementary infor-
mation, thus, the difference between different Ti-O bonds is
negligible. This reasoning is additionally supported by our
observation of a constant ¢/a ratio below 8 GPa.

F. Eu valence and magnetism

NFS measurements under high pressure can be useful in
order to follow the effect of compression on chemistry and to
track valence transitions®® or magnetic ordering®’. The exper-
imental conditions of our measurements limited the accessible
temperature range for the diamond anvil cell between 20 and
300 K. The obtained NFS data indicate that (i) no magnetic



hyperfine splitting is observed and (¢7) Eu exhibits a single va-
lence state up to 20 GPa in the measured temperature range.
As the NFS data at 20 GPa and 20 K, see Fig. 3b, do not show
any high frequency oscillations, which is the fingerprint of
magnetic ordering in NFS3*, the magnetic ordering if present
should be below 20 K. Extrapolating linearly the Ty versus
pressure observed by Guguchia et al.,>* leads to an expected
Ty of about 18 K, thus, a strong increase of Ty between 5.5
and 20 GPa is precluded by our data. As all NFS data do not
exhibit the characteristic time pattern (regular beating) with
a period of 57 ns, which corresponds to —12 mm/s relative
to EuF3 according to Mdssbauer spectroscopy carried out in
Ref."5, the presence of a Eu(IIl) impurity is also precluded at
the detection limit of 1%. Typical signals observed for con-
trasting examples where mixed valence Eu is observed have
been reported e.g. in Ref.’. Thus, potential oxidation of Eu
by aging or applied pressure did not occur in the samples stud-
ied herein. Thus, here we show that Eu?>* pure EuTiOj crys-
tallizes in the 74/mcm space group at 20 GPa.

V. CONCLUSION

In summary, we have revisited the structural phase equi-
librium both in polycrystalline samples and single crystals of
EuTiO3 under externally applied pressure using diffraction of
synchrotron radiation at room temperature up to 30 GPa. We
reviewed the similarities and the differences of high pressure

behavior between SrTiO3; and EuTiOs. We approach the is-
sue of stoichiometry and disorder in EuTiO3 additionally con-
straining the electronic high pressure phase diagram. We re-
port no magnetic ordering of Eu at 20 GPa and 20 K. Finally
we report a previously unknown phase transition of EuTiO3
from the I4/mem space group to the Ibam space group at
about 23 GPa.
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