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Abstract

In this study, we demonstrate that the combination of relativistic heavy ions with pressure can influence the phase behavior of
ZrO2 in ways none of those two extreme conditions alone could. The response behavior of ZrO2 towards ion irradiation under
different pressure conditions is investigated. ZrO2 exposed to energetic particles is known to undergo a crystalline-to-crystalline
phase transition from the monoclinic to the tetragonal phase. In agreement with earlier findings, this structural change requires
also for heaviest ions, such as Au, Pb, and U, a multiple ion impact. If the irradiation is performed under high pressure, the
monoclinic-to-tetragonal transformation occurs at a fluence that is more than one order of magnitude lower suggesting a single
impact process. Raman measurements at ambient conditions and X-ray diffraction analysis of the samples irradiated under pressure
revealed that the monoclinic-to-tetragonal transformation under pressure is not a direct process but involves a transition into the
cubic high-temperature structure, before the tetragonal structure becomes stable under decompression. At even higher pressures,
the additional ion irradiation forces ZrO2 to transform to the higher orthorhombic-II phase that is far away from its stability field.
straße

Keywords: Ion irradiation, High-pressure, Zirconia (ZrO2), Phase transformation, Raman spectroscopy, Synchrotron X-ray

1. Introduction

On passing through a solid, swift heavy ions slow down and
transfer their kinetic energy to the target electrons by ioniza-
tion and excitation processes. In most solids, predominantly in
insulators, the high, localized energy deposition leads to the for-
mation of tracks, cylindrical damage regions (often consisting
of amorphized material) a few nm in diameter surrounded by
the pristine, undamaged matrix [1, 2]. Ion tracks are character-
ized by severe chemical, physical, and structural modifications.
In non-amorphisable crystals, the track region contains numer-
ous lattice defects [3, 4] and/or has undergone a transition to
a different crystalline phase [5]. Until recently, most irradi-
ations were performed at ambient pressure conditions. Here
we describe a relatively new experimental approach by com-
bining ion irradiation with high pressure [6]. Pressure applied
during irradiation not only opens the access to a large variety
of structural conformations of the starting material but also al-
lows new routes for phase transitions within the p-T phase di-
agram. Additional pressure was shown to enhance or hinder
certain radiation induced transformations [7, 8]. Conversely,
ion irradiation can change the stability field of some materi-
als [6, 9]. The exposure of pressurized samples to ion beams
also provides insight how pressure-induced phase transitions in
minerals may be affected by pre-existing damage and by the
microstructure of the starting material. Recent results demon-
strated that new structural phases may become accessible [7].
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In this study we concentrate on ZrO2 (zirconia) and its response
to ion irradiation and pressure. Zirconia is known for its high
fracture toughness, low thermal expansion, high refractoriness,
high resistance to wear and corrosion, and especially chemi-
cal inertness. Because of these properties, ZrO2 is one of the
most important functional ceramics [10]. It is used, e.g., as
inert fuel matrix in nuclear reactors [11, 12, 13] or as contain-
ment material for radioactive waste [14, 15]. Important for our
experiments is the existence of several structural polymorphs
and the fact that ion irradiation at ambient pressure leads to a
structural transition from the monoclinic to the tetragonal phase
[16]. Depending on pressure and temperature, zirconia has five
known structural conformations: At ambient pressure and tem-
perature conditions, ZrO2 exists as a white powder in its mon-
oclinic phase (also called baddelyte). At temperatures around
1170 ◦C, zirconia transforms to its tetragonal high-temperature
form accompanied by a density increase of ∼ 4-5 % [17]. At
2370 ◦C, a transformation to the cubic structure occurs, before
melting sets in around 2700 ◦C [14]. Zirconia also exhibits two
high pressure phases, but the exact boundaries are not well de-
fined, although numerous groups (e.g. [18, 19, 20, 21, 22, 23])
have performed high-pressure experiments. The problem arises
from the fact that high-pressure transitions often occur quite
sluggishly and are not easily identified. At pressures between 4
and 7 GPa, the transition from the monoclinic to the first high-
pressure phase, orthorhombic-I (space group Pbca, polyhedral
coordination of seven), takes place [24, 19]. This displacive
transition is well defined at room temperature and depends on
the crystallite size. Even at pressures around 10 GPa and room
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temperature, the transition is not complete, but residues of the
monoclinic phase are detectable. The orthorhombic-I phase is
not quenchable to ambient conditions. At elevated tempera-
tures > 600 ◦C, the transition into a second high-pressure phase,
orthorhombic-II (space group Pnma, polyhedral coordination of
nine), takes place at 12.5 GPa. This transition is quite tempera-
ture dependent [18, 21, 24, 25]. At room temperature, it occurs
between 25 and ≥ 30 GPa [18, 19, 20, 24, 25, 21, 26, 27, 28].
Because the ortho-I-to-ortho-II transition is reconstructive [29],
it is not surprising that it becomes increasingly sluggish at
ambient temperature and usually an excess pressure of > 10
GPa is needed for complete transformation [24]. This addi-
tional energy investment results in the increased stability of the
orthorhombic-II phase, and is quenchable to ambient pressure
[24, 25, 29]. The ortho-I-to-ortho-II transformation requires a
significant reorganization of the cation and anion sublattices,
increasing the coordination number of Zr4+ from seven to nine,
and therefore the transformation kinetics are slowed down to
the point of being irreversible at room temperature [21]. At
ambient pressure, the radiation response of zirconia has been
studied extensively for low-energy ions at room [30, 31, 32, 33]
and cryogenic [13] temperatures, as well as for swift heavy ions
[5, 34, 35, 36, 37, 38, 39]. All cited experiments showed that
for very high ion fluences a structural phase transition from
the monoclinic to the high-temperature tetragonal phase occurs.
For experiments performed with low-energy ions in the nuclear
stopping regime (e.g. Ge, Kr, or Xe-ions of energy around
300 keV), the transformation occurs only in a surface layer of
few hundred nm [33] and requires fluences around 1018-1019

ions/cm2 [30]. For swift heavy ions with high electronic stop-
ping (Ni, Ge, Kr, I, and Xe of energies up to about 10 MeV
per nucleon (MeV/u)), the monoclinic-to-tetragonal transition
requires a critical energy loss of 12 keV/nm [40] and saturates
at fluences above 1×1013 ions/cm2 [34], much lower than for
beams in the elastic collision regime. Compared to the ear-
lier results, all irradiations presented here were performed with
heavy ion species Au, Pb, and U. Moreover, we concentrate
on how pressure influences the ion-induced damage process
by comparing ZrO2 irradiated under ambient and various high
pressures.

2. Experimental

The irradiations of zirconia samples were performed at two
different beamlines of the accelerator facilities at the GSI
Helmholtz Centre for Heavy Ion Research in Darmstadt, Ger-
many. Experiments at ambient pressure were carried out at the
UNILAC (Universal Linear Accelerator) using 197Au, 208Pb,
and 238U ions of 11.4 MeV/u, while irradiations of samples
pressurized in diamond anvil cells required energies between
150 and 200 MeV/u available at the heavy ion synchrotron SIS.
In both cases, the stopping process of the ions is dominated
by electronic excitation, i.e. the nuclear energy loss via elastic
collisions of projectiles with atoms of the sample can be ne-
glected. All irradiations were performed at room temperature
and under normal beam incidence. For the irradiation at ambi-
ent pressure, powder samples (purchased from Sigma-Aldrich)

Figure 1: Schematic of sample irradiation inside a diamond anvil cell at the
heavy ion synchrotron SIS (not to scale). Before reaching the sample, the beam
exits through an Al window and travels across 45 cm of air and ∼ 2 mm of
diamond. The initial ion energy is selected such that the energy loss maximum
lies thightly behind the sample.

were fixed at thin indium foils. During ion exposure, the beam
flux and fluence were controlled via a secondary electron trans-
mission monitor (calibrated with a standard Faraday cup) that
reduces the initial beam energy to 11.1 MeV/u. The range of
all ions in ZrO2 was ∼ 60 µm [41]. The ion flux was limited to
∼ 2-5×108 ions/cm2 to avoid macroscopic sample heating. Flu-
ence series covered values from 1×1011 up to 1×1013 ions/cm2.
The averaged electronic energy loss (dE/dx)e within the sam-
ple was 40 keV/nm for Au, 42 keV/nm for Pb, and 53 keV/nm
for U ions, calculated with the SRIM 2008 code [41]. All irra-
diation parameters are listed in Table 1.

For high pressure application, we used diamond anvil cells
(DAC) consisting of two opposing diamonds with the sample
compressed between the culets. Based on the simple principle
of P = F/A, the pressure P is obtained by exerting a force F on
the small culet faces of area A of the two diamonds [42]. DACs
routinely provide access to pressures as large as several tens of
GPa and more. Being a hand-held device of low weight, they
can easily be transported to different experimental sites [43]. A
scheme of the basic principle of the DAC irradiation is shown
in Fig. 1.

For pressurization, monoclinic ZrO2 powder was inserted in
the central aperture (diameter 150 µm) of a stainless steel gas-
ket mounted between two diamonds. To ensure hydrostatic
conditions up to (10 ± 0.5) GPa a methanol:ethanol:water mix-
ture (16:3:1) was filled into the sample chamber as an optically
transparent pressure medium [44]. In addition, a small ruby
crystal (∼ 5-10 µm) was inserted acting as pressure gauge be-
fore and after irradiation. The pressure is determined by record-
ing the wavelength of the red fluorescence line of the ruby crys-
tal, which shifts to lower energies with increasing pressures but
remains unaffected by the irradiation up to fluences above >
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Figure 2: Raman spectra of ZrO2 irradiated at ambient pressure with 11.1
MeV/u U-ions for various fluences.

1-2×1012 U-ions/cm2 [45, 46, 47].
Irradiations of pressurized samples were performed at the

heavy-ion synchrotron SIS providing a pulsed beam (pulse rate
0.3 Hz). The initial kinetic energy of the Au and U ions was
about 150 - 200 MeV/u, sufficiently high that the ions passed
through the first diamond (∼ 2 mm) of the DAC and still had
about 30 MeV/u when reaching the sample. The electronic en-
ergy loss of U ions in the sample is about ∼ 40 keV/nm, but
this value is not very precise because of the uncertainty of the
beam energy after the passage through the thick diamond [48]
and due to nuclear fragmentation of the projectiles. A scheme
of the DAC irradiation together with the energy loss as a func-
tion of the kinetic energy of the ions is shown in Fig. 1. The
initial energy is selected such that the energy loss in the sam-
ple is close to the energy loss maximum (Bragg peak). On
their passage through the first diamond and sample, the ions
deposit their energy and are finally stopped in the second dia-
mond. Different experiments with low (∼ 1×1011 ions/cm2) as
well as high (2×1012 ions/cm2) fluences were performed.

X-ray diffraction measurements of the pressurized samples
were performed at the P08 beamline of PETRA at the German
Electron Synchrotron (DESY) in Hamburg with a beam energy
of (25.054 ± 0.005) keV (λ = 0.49467 Å) and an X-ray spot of
∼ 50 µm in diameter. The energy selection was accomplished
by using a double-crystal monochromator with Si crystals. The
Debye-Scherrer rings were recorded with a Perkin-Elmer de-
tector with a 16 bit digital resolution of 200 µm pixels and an
image size of 2048×2048 pixels. The diffraction image was in-
tegrated into two-dimensional patterns with the program Fit2D
[49]. The configuration parameters of the experimental setup
were calibrated with a cerium dioxide (CeO2) standard. The
XRD patterns were refined by the Rietveld method using the
MAUD [50] and GSAS [51] software.
All irradiated samples were also analyzed by confocal Ra-
man spectroscopy with a commercial 180◦ Raman spectrometer
(Horiba Jobin Yvon HR800). The instrument has a grating of

6 8 10 12 14 16 18 20 22

1e13

5e12

2e12

8e11

In
te

ns
ity

 (a
rb

. u
ni

ts
)

2 theta (°)

pristine

U-ions/cm2

Figure 3: X-ray spectra of ZrO2 irradiated at ambient pressure with 11.1 MeV/u
U-ions for various fluences (same sample as in Fig. 2).

1800 grooves/mm, a spectral resolution of about 0.01 nm, and
an excitation wavelength of λ = 632.8 nm from a He-Ne laser.
The spot size of the laser beam was about 1 µm2. Background
correction and mathematical fitting of the bands were done us-
ing the FITYK 0.9.7 software [52].
Unfortunately, Raman spectroscopy could not be performed un-
der pressure because the ion irradiation changed the color of the
diamonds into dark green, almost black. The samples were thus
analyzed at ambient pressure, outside the DAC. All irradiations
and measurements were performed at room temperature.

3. Results and Discussion

3.1. Irradiations at ambient pressure

Raman spectra of ZrO2 irradiated at ambient pressure with
various fluences of U ions are displayed in Fig. 2. Pristine ZrO2
has 14 dominant Raman lines at 100, 178, 190, 222, 305, 334,
348, 382, 476, 503, 537, 560, 616, and 640 cm−1 correspond-
ing to the low-symmetric monoclinic structure. For fluences
up to 1×1012 U-ions/cm2 the Raman spectra remain almost un-
changed. At fluences around 2×1012 U-ions/cm2, small modifi-
cations become visible, such as the decrease of the band at 100
cm−1 and merging of the double band structures at 340, 550,
and 630 cm−1. At 5×1012 ions/cm2, new broad bands appear at
148, 265, 465, and 640 cm−1 which are assigned to the tetrago-
nal phase of ZrO2 [34, 53, 39]. The transformation mainly pro-
ceeds in a fluence regime between 2 and 5×1012 U-ions/cm2,
while above this range the changes are only marginal. Inter-
estingly, we always identified a small contribution of the mono-
clinic phase. For the sample irradiated with 1×1013 U-ions/cm2,
e.g., the tetragonal fraction is limited to (90.1 ± 4.4) %. In
agreement with previous measurements [9, 5], the transforma-
tion from monoclinic to tetragonal is obviously never complete.
It is important to point out that the tetragonal structure of ZrO2
obtained by simple temperature increase is not stable at room
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Figure 4: Evolution of the concentration of the tetragonal phase versus fluence
for three different ion species (Au, Pb, U) deduced from the Raman data. The
solid curves are best fits of Eq.(3) to the experimental data using a triple impac
process (n = 2). For comparison, fits to the Au data with double impact (n = 1,
dashed line) and single impact (n = 0, dotted line) are shown.

temperature. Therefore, the production route via ion irradiation
is unique in the sense that it can not only provoke the transfor-
mation from the monoclinic to the tetragonal phase, but that this
high-temperature phase is stable down to ambient temperature.
Within our observation time of ∼ 2 years, the tetragonal phase
remained stable. Complementary X-ray diffraction measure-
ments were performed on samples irradiated with 11.1 MeV/u
U-ions (Fig. 3). The pristine sample exhibits its strongest peaks
at 8.95 ◦ corresponding to the (-111)m reflection and at 9.97 ◦

corresponding to the (111)m reflection of the monoclinic struc-
ture. The calculated lattice parameters for pristine ZrO2 are
a = (5.296 ± 0.006) Å, b = (5.094 ± 0.007) Å, c = (5.326 ±
0.006) Å, and an angle β = 99.40 ◦. Similar to the Raman data,
for fluences ≥ 1×1012 U-ions/cm2 the monoclinic bands start to
deteriorate and a new reflection at 9.60 ◦ appears that belongs
to the (101)t reflection of the tetragonal phase. The calculated
lattice parameters for the tetragonal structure are a = (3.630 ±
0.006) Å, and c = (5.139 ± 0.013) Å. ZrO2 is one of the rare ma-
terials in which the high-temperature phase has a higher density
than the room temperature phase, which leads to the fact that the
monoclinic-to-tetragonal transition is accompanied by a density
increase of ∼ 5 % [17]. To shed more light on the mechanism
of this transformation, Raman spectra of similar fluence series
were analyzed for samples irradiated with 11.1 MeV/u Au, Pb,
and U ions. To quantify the contribution of the monoclinic and
tetragonal phases, we evaluated the intensity ratio (Xm) of the
different Raman bands at 178, 190, and 148 cm−1. The back-
ground was considered by subtracting the baseline between ∼
125 and ∼ 205 cm−1. The monoclinic fraction was calculated
by applying the formula by Kim et al [53].

Xm =
Im(178 cm−1) + Im(190 cm−1)

Im(178 cm−1) + Im(190 cm−1) + It(148 cm−1)
(1)

Figure 5: P-T phase diagram of ZrO2 adjusted from [24]. Dashed lines are
transitions under discussion.

For all tested ion species, the tetragonal fraction (100-Xm)
in % plotted versus the ions fluence shows a sigmoidal evo-
lution (Fig. 4). Such a behavior is commonly observed for
non-amorphisable ceramics at ambient temperature [54, 55] and
typically ascribed to a two or multiple impact damage process.
This is in contrast to amorphisable materials where each ion
produces an individual amorphised track of radius r and cross
section σ = r2π. For such a single impact process, the frac-
tion of the transformed material A increases with fluence (Φ)
according to the following exponential law [56].

A(Φ) = A(∞)(1 − e−σΦ) (2)

where σ is the total damage cross-section given as an area, and
A(∞) represents the fraction of transformed material at satura-
tion.

Fitting this formula to our Raman data does not yield satis-
factory results (see dotted line in Fig. 4). The monoclinic phase
of ZrO2 can obviously not be transformed into the tetragonal
phase by the impact of single ions but needs pre-damaging by
multiple ion impacts. The effect of damage superposition is
described by the Gibbons cascade-overlap model [56, 54] with
the following general expression in which n is the multiplicity
of damage overlap:

A(Φ) = A(∞)

1 −  n∑
k=0

(σΦ)k

k!

 e−σΦ

 (3)

For all ion species, we find best agreement with our data for
a double-overlap situation (n = 2) represented by the solid lines
in Fig. 4. The results of the fits are A(∞) = (93.7 ± 4.1) %, σ
= (8.69 ± 0.21) ×10−13 cm2 for U-ions, A(∞) = (91.3 ± 4.0) %,
σ = (6.18 ± 0.32) ×10−13 cm2 for Pb-ions, and A(∞) = (89.9
± 4.7) %, σ = (5.04 ± 0.18) ×10−13 cm2 for Au-ions. As has
been reported in the literature (e.g. [34, 33]), the transforma-
tion is never complete but saturates at around 90 %. Assuming
that the damage cross section σ can be described by a homo-
geneously damaged cylinder with a cross section σ = πr2, the
following track radii can be deduced: r = (5.3 ± 0.2) nm for
U-ions, (4.4 ± 0.2) nm for Pb-ions, and (4.0 ± 0.2) nm for Au-
ions. The results give evidence that heavy-ion irradiation at
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Figure 6: Raman spectra at ambient conditions of different ZrO2 samples: (a)
pristine, (b) pressurized without irradiation, (c) irradiated with 1.5×1011 U-
ions/cm2 but without pressure, (d) irradiated with 1.5×1011 U-ions/cm2 at a
pressure of (11.0 ± 0.3) GPa.

ambient pressure induces a structural change into the tetrago-
nal phase only if the structure is pre-damaged by overlapping
tracks. For U-ions, double track coverage requires fluences of
about 2×1012 ions/cm2. Above this fluence, each following ion
hits a pre-damaged region, and transforms the damaged mon-
oclinic structure into the tetragonal phase. This agrees nicely
with the observed results.

3.2. High-Pressure Irradiations

Samples irradiated under high pressure and analyzed after
pressure release show quite different results. When compress-
ing ZrO2 hydrostatically up to (11.0 ± 0.3) GPa, it remains no
longer in the monoclinic structure but is mainly transformed
into the first high-pressure orthorhombic-I phase (see Fig. 5).
The pressurized sample was irradiated with a rather low flu-
ence of 1.5×1011 U-ions/cm2. After releasing the pressure,
the sample was carefully analyzed by Raman spectroscopy ap-
plied to different sample locations. As described earlier in [9],
some regions exhibit no change at all, whereas other regions
are completely transformed into the tetragonal phase. In to-
tal, the fraction of completely transformed regions is ∼ 10 %
(see Fig. 6 (d)). This corresponds well to an area damaged
by single ion impacts at a fluence of 1.5×1011 U-ions/cm2 as-
suming a track radius of 5.3 nm. This is in clear contrast to
the unpressurized reference sample, irradiated under the same
conditions (Fig. 6(c)), that shows no deviation from a pristine
sample at this low fluence. In transformed regions, the tetrago-
nal fraction is 85.3 % as estimated by means of Eq. (1). Pres-
sure alone as origin for the tetragonal fraction can be excluded,
since the orthorhombic-I high-pressure phase is not quenchable
as demonstrated by the unirradiated pressure reference sample
(Fig. 6 (b)) which shows no significant difference towards the
pristine sample besides some small residues around 200 cm−1.
Ion irradiation under pressure obviously allows a single ion im-
pact to induce the phase transitions.
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Figure 7: Raman spectra at ambient conditions of different ZrO2 samples:
(a) pressurized to 10.5 GPa but not irradiated, (b) irradiated with 2×1012 U-
ions/cm2 but without pressure, (c) irradiated with 2×1012 U-ions/cm2 under
pressure of (10.3 ± 0.3) GPa.

To further investigate the radiation response of pressurized
ZrO2, the experiment was repeated with a sample pressurized
at (10.3 ± 0.3) GPa but exposed to a larger fluence of 2×1012

U-ions/cm2, which is high enough to completely cover the area
with ion hits. The Raman spectrum of this sample together with
the spectra of a pressurized non-irradiated sample and a sample
irradiated at ambient conditions are shown in Fig. 7.

Under high fluence, the pressurized sample exhibits an al-
most complete transformation into the tetragonal phase (see
Fig. 7 (c)). Residues of the monoclinic bands at 178 and
190 cm−1 are barely visible. While for the experiment with
lower fluence (1.5×1011 U-ions/cm2) only ∼ 10 % of the sam-
ple showed this strong transformation, this sample irradiated
with 2×1012 U-ions/cm2 is completely changed. The tetrago-
nal fraction of the pressure-irradiated sample is (91.2 ± 3.4) %,
whereas the fraction for a sample also irradiated with 2×1012

ions/cm2 at ambient pressure is only (6.3 ± 0.8) % (see Fig. 7
(b)). It seems obvious that under pressure the monoclinic-to-
tetragonal phase transformation is induced by a single ion not
requiring predamaging.

With increasing pressure, the temperature necessary for the
monoclinic-to-tetragonal transition decreases from ∼ 1000 to
∼ 600 ◦C (see Fig. 5) at around 4 GPa. In our previous work
[9], we ruled out that the lower transition temperature of the
ortho-I-to-tetragonal transition compared to the monoclinic-to-
tetragonal transition is the decisive parameter. At pressures of
4.3 and 7.6 GPa, no enhanced radiation response appeared. So
we can assume that the lower phase transition temperature is
not the driving force behind the strong transformation behavior.
As mentioned earlier, the irradiations of pressurized and pris-
tine material are quite different, since we start with the denser
orthorhombic-I phase. At ambient conditions, ZrO2 has a
density of 5.70 g/cm3. Via Rietveld refinement, we determined
the density of ZrO2 at 10 GPa to be (6.04 ± 0.13) g/cm3. The
small density increase changes the electronic energy loss of
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Figure 8: X-ray diffraction spectra of different stages of the experiment. At ambient conditions ZrO2, shows peaks of the monoclinic structure (a). Pressurized to
10 GPa, new reflections which belong to the ortho-I phase appear as a mixture of monoclinic/ortho-I (b). Additional irradiation with 2×1012 U-ions/cm2 provokes
a transformation into the cubic phase (d). When releasing the pressure, the unirradiated sample transforms back into its monoclinic form (c), whereas the irradiated
sample transforms into the tetragonal structure and remains stable in this phase also at ambient pressure (e).

U-ions in ZrO2 only slightly from 37.3 to 39.3 keV/nm at an
energy of 30 MeV/u. A density effect can therefore also be
ruled out as possible influence, since the small energy loss
difference of 2.2 keV/nm can be neglected considering that
the ambient-pressure experiment performed at the UNILAC
provided an energy loss of 53.2 kev/nm [41] and did not reveal
any phase transition for fluences ≤ 2×1012 ions/cm2.
As discussed in the previous section, at ambient conditions
one ion alone does not suffice to induce the structural phase
transformation in ZrO2, making a multiple impact mechanism
reasonable. Several groups who investigated the radiation
induced phase transition for low as well as high energy ions
[36, 33, 40] explained the multiple impact mechanism by the
production of oxygen vacancies. The presence of oxygen va-
cancies is considered as a requirement for a thermally induced
phase transition [57]. Also in the case of tetragonal zirconia,
artificially stabilized by addition of soluble oxides (e.g. Y2O3,
MgO, CaO), the structure remains in the high-temperature
phase because the dopants create oxygen vacancies for every
unit of the dopant. The additional oxygen vacancies displace
the remaining oxygen ions from their equilibrium position
in the tetragonal phase, so that the tetragonal-to-monoclinic
transformation is suppressed [58]. Under ion irradiation,
probably a large number of oxygen vacancies is produced [59].
If they accumulate into vacancy clusters, the free volume can
induce significant stress in the crystal that may relax via a phase
transition [55]. Calculations showed that oxygen vacancies
induce a strong local strain field in their neighborhood [60].
Using Landau’s theory of phase transitions [61], Simeone
et al. [37, 36] explained the transformation mechanism by
also considering a local strain field induced by vacancies.

Because they lower the critical transition temperature when
reaching a certain threshold value. With respect to the free
energy, the new crystalline phase is energetically the most
favorable atomic configuration. The mechanism for ambient
irradiations of ZrO2 can be explained by the need to provide
sufficient defects and strain by relatively high fluences. By
hitting a pre-damaged region, further ion impacts then induce
the transformation from defective monoclinic structure into
the tetragonal phase. Such a mechanism would also explain
why lower fluences are sufficient for the transformation at high
pressure. The externally applied pressure provides internal
stress within the sample, taking over the part of the first step
of the ion impacts. We assume that at pressures < 7.6 GPa
the strain field is too small to trigger the transition, explaining
why at lower pressures the sample did not transform into the
tetragonal phase.

Additional information on the transformation mechanism can
be gained by the investigation of the ZrO2 sample irradiated
with 2×1012 ions/cm2 by looking at the material still under pres-
sure. Figure 8 shows the diffraction spectra of pristine, pres-
surized, and irradiated samples inside the DAC before and af-
ter quenching. At ambient pressure, the sample is monoclinic
(Fig. 8 (a)). Under pressure of 10.3 GPa, it changes to the high-
pressure orthorhombic-I phase, clearly visible by the (211)o re-
flection at 9.70 ◦ (Fig. 8 (b)). The transition is not complete
and about 38 % of the sample remain in the monoclinic phase,
indicated by the (-111)m and (111)m reflections. If the sample
rests at this pressure for one week and is then quenched to am-
bient pressure, it changes back to monoclinic (Fig. 8 (c)) with a
contribution of about 10 % of the orthorhombic phase. The situ-
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Ion Einit dE/dx Fluence Φ Pressure Initial Final Radius
(GeV) (keV/nm) (ions/cm2) (GPa) structure structure (nm)

UNILAC beam
238U 2.64 53 0.05 - 1.0×1013 ambient mono tetragonal for Φ ≥ 5×1012 5.3
208Pb 2.31 42 0.05 - 7.5×1012 ambient mono tetragonal for Φ ≥ 7×1012 4.4
197Au 2.19 40 0.05 - 1.8×1013 ambient mono tetragonal for Φ ≥ 1×1013 4.0
SIS beam
238U 7.14 39 1.5×1011 11.0 ± 0.3 ortho-I strong tetragonal regions
238U 7.14 37 1.5×1011 ambient mono mono
238U 7.14 39 2.0×1012 10.3 ± 0.3 ortho-I cubic (10 GPa), tetragonal (ambient)
238U 7.14 37 2.0×1012 ambient mono mono
238U 7.14 ≥ 39 1.5×1012 23 ± 1.0 ortho-I ortho-II
238U 7.14 ≥ 39 1.5×1012 38 ± 2.0 ortho-II ortho-II
238U 7.14 ≥ 39 1.5×1012 70 ± 4.0 ortho-II ortho-II

Table 1: Irradiation and pressure parameters for all samples irradiated at the UNILAC at ambient pressure and for those irradiated at the SIS under high pressure.
The table summarizes the crystalline strcutures before and after irradiation, as determined at ambient conditions.

ation is very different for the sample irradiated under a pressure
of 10 GPa. Instead of the expected tetragonal structure, we find
the second high-temperature cubic phase of ZrO2 evidenced by
the (111)c reflection at 9.72 ◦, (200)c reflection at 11.17 ◦, and
(220)c reflection at 15.90 ◦ (Fig. 8 (d)). Rietveld refinement
yields a lattice constant of a = (5.072 ± 0.002) Å. This stage
could not be derived from the Raman data performed at ambi-
ent pressure (see Fig. 7). Surprisingly, during pressure release
the cubic structure does not transform into the expected ambi-
ent monoclinic but instead into the tetragonal structure. This
XRD result is in agreement with our observation by means of
Raman spectroscopy at ambient pressure. From the information
obtained from the XRD data, it is difficult to assign the phase
because of the fact that the tetragonal and cubic phases are very
similar, and the structure identification relies on small differ-
ences. When releasing the pressure, the cubic peak at 11.17 ◦

splits into two individual peaks belonging to (110)t at 10.94 ◦

and (002)t at 11.13 ◦ of the tetragonal phase. Similar splittings
can be observed at larger diffraction angles, e.g. (211)t and
(103)3 at around ∼ 18.5 ◦. Also the (102)t reflection appearing
at 13.57 ◦ is a clear indication of the tetragonal phase. During
decompression, the cubic phase remains stable down to ∼ 3 GPa
and then undergoes a sudden change into the tetragonal phase
within the last decompression step. Unfortunately, unambigu-
ous identification of these two phases by Raman spectroscopy
is also very difficult, because the Raman band of cubic ZrO2
expected at 620 cm−1 is hidden below the broad band at 640
cm−1 from the tetragonal structure.

3.3. Irradiations at very high pressures

Up to now, irradiations performed at ambient conditions and
pressures up to 11 GPa under hydrostatic conditions were di-
cussed. For pressures up to 12.5 GPa, the temperature path
comprises a transition from monoclinic → tetragonal → cubic
(see Fig. 5). The question arises what happens, if ZrO2 is
irradiated at higher pressures where the previously discussed
transition path is no longer possible. Three additional pres-
sure irradiation experiments were performed at extreme pres-
sures of 23, 38, and 70 GPa. The sample at 23 GPa has the
orthorhombic-I structure, while the samples at 38, and 70 GPa

are well within the stability field of the second high pressure
phase orthorhombic-II. Starting at the orthorhombic-II phase,
the beam-induced transformation route from monoclinic →
tetragonal → cubic cannot occur (see Fig. 5). We recorded
the Raman spectra of the high-pressure sample irradiated with
1.5×1012 ions/cm2 outside the DAC (Fig. 9). Most interest-
ingly, the sample irradiated at 23 GPa consists after quenching
predominantly of the orthorhombic-II phase (small monoclinic
residues exist at 178 and 190 cm−1, but the fraction is low).
The bands of the orthorhombic-II phase are highlighted by dot-
ted lines in Fig. 9 (b). The strongest peaks of this structure are
located at 160 and 432 cm−1 in agreement with earlier observa-
tions when ZrO2 was quenched from 40 and 60 GPa [19, 26].
The finding of the orthorhombic-II phase is surprising because,
at 23 GPa, ZrO2 exists in its first high-pressure polymorph
orthorhombic-I and is still ∼ 7 GPa away from the transition
boundary to the orthorhombic-II phase. Irradiation with swift
heavy ions obviously triggers the creation of this phase at a sig-
nificantly lower pressure. Once produced, the orthorhombic-II
phase is quenchable to ambient pressure. Pressure alone as the
origin of the transformation into the orthorhombic-II phase was
excluded by quenching a reference sample from 24 GPa, which
rested there for one week, and did not show any orthorhombic-
II signal (see Fig. 9 (a)). For pressures larger than ∼ 20 GPa,
orthorhombic-II is the only possible high-temperature structure
(see Fig. 5). It cannot be distinguished if the ion-beam induced
transition proceeds via the temperature or pressure route.
Samples pressurized to 38 or 70 GPa are in the orthorhombic-II
phase. Having no neighboring phase boundary, it is not surpris-
ing that the initial orthorhombic-II structure is preserved after
irradiation (see Fig. 9 (c and d)). Due to the high bulk modulus
of the orthorhombic-II structure (≥ 300 GPa [62]) and the prin-
ciple characteristic of ZrO2, it is considered as a good candidate
for a new superhard material [62]. Since a fluence of 1.5×1012

U-ions/cm2 has no influence on the orthorhombic-II structure,
this high-pressure polymorph might be better suited for appli-
cations instead of the ambient pressure polymorphs. To validate
this, irradiations of the orthorhombic-II structure with high ion
fluences are planned.
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Figure 9: Raman analysis at ambient pressure of ZrO2 irradiated with 1.5×1012

U-ions/cm2 at 23 GPa (b), 38 GPa (c), and 70 GPa (d). Additionally a pressure
reference (pristine ZrO2 quenched from 24 GPa (a)).

4. Conclusions

In this study, the structural behavior of ZrO2 has been in-
vestigated under ion irradiation at different pressures. We
demonstrate that high-fluence irradiations at ambient pressure
results in a transformation from the monoclinic to the high-
temperature tetragonal phase. After quenching, the tetrago-
nal phase can be stabilized. For heavy ions such as Au, Pb,
and U, the monoclinic-to-tetragonal transformation requires a
multiple-impact process, in agreement with earlier findings for
medium mass ions [5, 63]. For irradiations at pressure around
10 GPa, the ion fluences needed for this transformation are
more than one order of magnitude smaller than at ambient pres-
sure. External pressure seems to induce sufficient strain to trig-
ger the transformation process without track overlap. XRD
spectroscopy of pressurized samples reveals that the transfor-
mation is not a direct monoclinic → tetragonal transition but
takes a side route via the cubic phase. At pressures above > 20
GPa, the two high-temperature polymorphs are no longer ac-
cessible. The irradiation provokes a transition into the second
high-pressure phase which can be quenched to ambient pres-
sure. This orthorombic-II phase seems to be quite radiation
resistant, making it interesting for further radiation hardness
tests. Obviously, the combination of high pressure and heavy
ions plays an important role in phase transformation processes
including pressure-enhanced radiation effects as well as pres-
sure effects enhanced by radiation.
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