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Abstract

Hafnia (HfO,) is a promising material for emerging chip applications due to its
high-x dielectric behaviour, suitability for negative capacitance heterostructures, and
scalable ferroelectricity together with silicon technology compatibility. The lattice
dynamics along with phononic properties such as thermal conductivity and contraction
as well as heat capacity are under-explored, primarily due to the absence of high
quality single crystal specimens. Herein, we report the vibrational properties of a
series of HfO, crystals stabilized with yttrium (chemical formula HfOs:2Y, where z
= 20, 12, 11, 8, and 0%) and compare our findings with a symmetry analysis and
lattice dynamics calculations. We test our calculated spectra against the measured
Raman and infrared reflectance response of the cubic, antipolar orthorhombic, and
monoclinic phases in order to disentangle the impact of Y incorporation. This includes
a resonance background in the Raman scattering spectrum, a weak metallic response in
the infrared reflectance, and local symmetry breaking which activates otherwise silent
vibrational features. With these issues on a firm foundation, we address the lattice
dynamics of the polar orthorhombic phase of HfO,:12%Y. Here, we uncover a number
of signature modes involving polar displacements as well as Hf-Hf dimer breathing
modes that are connected with ferroelectric polarization in orthorhombic polar hafnia.
This work provides a spectroscopic fingerprint for several different phases of HfO- and,
at the same time, paves the way for a detailed analysis of mode contributions to the
high-x dielectric and ferroelectric properties that are at the heart of emerging chip

technologies.

INTRODUCTION

Phonons in HfO, are key to understanding competing phases and physical properties
of this emerging scientifically and technologically important material, unlocking the door to
discoveries in fields as diverse as thin film dielectrics and nanoscale devices and photonics.' '8
It has recently been discovered that flat phonon bands have a direct connection to the

unique energy landscape in the vicinity of the ferroelectric phase.'? This originates from

the alternatively ordered spacer and polar HfO, layers, which creates very localized electric
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dipoles within the irreducible half-unit cell widths (=3 A) of HfO,.'> The nanometer-scale
dipoles are individually switchable without any net energy cost, though with energy barriers
that correspond to very large coercive fields.® Physical properties determined by phonons
include heat capacity and thermal conductivity behavior, with heat management in memory

and logic devices being vital for technological applications.

HfO, is highly polymorphic, with many competing phases generated by different distor-
tions of the high-symmetry cubic fluorite structure.!13717:19°23 The cubic (¢) F'm3m fluorite
phase itself is stabilized only at very high temperatures (> 2900 K).>72* Upon cooling, this
phase transforms to a lower symmetry tetragonal (¢) P4s/nmec phase in temperature range
2900 — 2073 K. At room temperature, hafnia stabilizes in a monoclinic (m) P2;/c phase,
which is the ground state phase of bulk hafnia at ambient conditions. Furthermore, two
orthorhombic metastable polar (o-1II) Pca2, and antipolar (o-AP) Pbca phases of hafnia are
reported at higher pressures.!> 172527 Figure 1 summarizes the crystal structures of these
five different phases along with their calculated phonon dispersions, showing that all except
the cubic phase are locally stable. The cubic-tetragonal phase transition is driven by an
unstable zone-boundary X, phonon mode of the ¢ phase. Ferroelectricity in the polar o-III
phase of hafnia can be understood in reference to a high-symmetry centrosymmetric tetrag-
onal phase. Remarkably, there is no unstable polar mode in the high-symmetry tetragonal
reference structure. Rather, first principles calculations have shown that the key factor in
stabilizing the orthorhombic polar phase is a strong trilinear coupling among polar, nonpo-
lar, and antipolar phonon modes.?*?® We note that the presence of oxygen vacancies, doping,
substrate-induced strain, and disorder have been reported to stabilize various other phases

9,11,14,19-21,29-32

of hafnia, which are not within the scope of the present investigation.

For almost a decade, the observation of ferroelectricity in hafnia has been limited only to
thin films.* 6929734 Stabilization of the orthorhombic polar phase in bulk form is not triv-
ial.!*!4 This is because the orthorhombic polar phase is predicted to be metastable, and it
requires very high temperatures to form.!” There have been a number of attempts to prepare
the elusive ferroelectric phases of hafnia at ambient conditions. Ultra-thin films HfO,:Si have

been synthesized to obtain the ferroelectric phases,* 7+10-29-31,33,34

although it is challenging
to characterize these phases due to their small domain size and substrate effects. A rhom-

bohedral ferroelectric phase was recently reported in epitaxially strained Hfy 571502 thin

3
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Figure 1. Crystal structure and calculated phonon dispersions of the five studied phases of bulk
HfOs. These include: cubic (¢), tetragonal (), orthorhombic polar (o-1II), orthorhombic antipolar
(0-AP), and monoclinic (m), arranged in the order of their increasing formation energy. The ¢
phase has the highest formation energy, whereas the m phase has the lowest formation energy. The

gray arrow denotes the direction of the ferroelectric polarization (P) in the o-III phase.
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films also illustrating the complex interplay between the film and substrate.®3° First princi-
ples calculations show that distinct competing ferroelectric phases can be stabilized in hafnia
via epitaxial strain.?’ Ferroelectricity in hafnia depends intimately on the concentration of

oxygen vacancies as well.3%3%

Recently, Xu et al. demonstrated the stabilization of the polar o-II1 phase of hafnia as well
as the antipolar o-AP phase in bulk single crystals grown using laser-diode-heated floating
zone techniques.!® Yttrium substitution and a rapid cooling rate are key to realizing the polar
o-1IT and antipolar o-AP phases at ambient conditions.'® Ferroelectricity in the o-III phase
was experimentally demonstrated with a switchable polarization and a magnitude 3 uC/cm?
together with a coercive electric field of 4 MV /em.'® The availability of high-quality single
crystals creates a number of exciting opportunities to examine the properties of this family
of materials - especially those of the more elusive members. While phonons in the cubic,
tetragonal, and monoclinic phases have been investigated in prior work,!6:22:25,26:36-44 the
lattice dynamics of the orthorhombic polar and antipolar phases are wholly unexplored.
In addition to providing a spectroscopic fingerprint for the different phases of HfO,, this
work opens the possibility of analyzing structure-property trends in the phonon excitation
spectrum and Born effective charges, as in a recent work on the heavy chalcogenide 1T-HfS,
in which it was found that the enhanced Born charge of hafnium is attributable to polar

displacement-induced charge transfer from sulfur to hafnium.*?

In this work, we build upon these recent advances by measuring the infrared- and Raman-
active phonons in the two orthorhombic phases of hafnia. We compare our results with the
spectroscopic response of the cubic and monoclinic phases as well as a symmetry analysis
and complementary lattice dynamics calculations, including analysis of the anomalous Born
effective charges. Taken together, our work places the vibrational properties of HfO, on a
secure footing and paves the way for an advanced understanding of properties that depend

upon the fundamental excitations of the lattice.
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Figure 2. a, Infrared reflectance spectrum of the cubic HfO5:20%Y at 7 K. b, Raman spectrum of
the cubic HfO2:20%Y at 4 K. ¢, Infrared reflectance spectrum of the o-AP HfO2:11%Y at 7 K. d,
Raman spectrum of the 0-AP HfO5:11%Y at 4 K. e, Infrared reflectance spectrum of the monoclinic
HfO, at 7 K. f, Raman spectrum of the monoclinic HfO5 at 4 K. The theoretical peak positions
of the infrared TO and LO modes in pure HfO2 are marked using vertical upward and downward
lines, respectively (details in the Supporting Information). The calculated Raman spectrum of pure

HfOy (arb. units) is plotted along with the measured Raman spectrum using green lines.
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RESULTS AND DISCUSSION
Understanding the spectroscopic properties of cubic HfO5:20%Y

In order to investigate the lattice dynamics in different phases of hafnia, we systemat-
ically performed infrared reflectance and Raman-scattering measurements in near normal
incidence and back-scattering geometry, respectively, using unpolarized light. Figure 2a.b
displays the infrared reflectance and Raman scattering response of cubic HfO5:20%Y. Only
two triply-degenerate vibrational modes are predicted at zone center in the pure cubic HfO,
phase. The T;, mode at 266 cm~! and Ty, mode at 599 cm~! are infrared- and Raman-
active, respectively [Table S5, Supporting Information|. However, they can both be active in
the experimental infrared and Raman spectra because of local symmetry-breaking induced
by yttrium incorporation [Fig. Slc, Supporting Information]. The T4, mode splits into lon-
gitudinal optic (LO) and two transverse optic (TO) modes near the zone center at nonzero

wavevector (q — 0). The calculated frequency of the Ty, (LO) mode is 643 cm™.

In our
measured infrared reflectance spectrum, we clearly observe the signatures of the T;,(TO)
and Ty,(LO) modes, even though the Ty,(LO) mode overlaps with the nearby Ty, mode.
The overlap between the two modes broadens the observed feature around 620 cm™! in the
infrared reflectance spectrum. The Ty, mode is also clearly detected in the measured Raman
response.

The overall agreement between our measurements and the predicted phonon frequen-
cies is reasonable. But more than a simple match, these data reveal the challenges with
Y incorporation - even in this straightforward cubic system. The Raman scattering spec-
trum, for instance, has a noticeable fluorescence background that varies with excitation laser
wavelength, and the scattering intensity depends upon the measurement spot due to sur-
face roughness and cracking. At the same time, a weak metallic response develops in the
reflectance spectrum due to the Y inclusion. This type of weak metallicity is seen in other

4648 a5 well

materials including Y-stabilized zirconia (ZrO,:Y203) due to oxygen deficiencies
as Nb-substituted EuTiO; and Pb-substituted BaPb,Bi;_,O3 due to added carriers.** ! In
any case, in our results, the over-damped Drude® partially screens the T;, phonon. At the
same time, Y incorporation breaks local symmetry and activates several additional vibra-

tional modes arising from Y sublattice. This is apparent in both the infrared and Raman

7
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response and occurs primarily below 400 cm™!. This is consistent with our calculations for
the ground state configuration of Y-substituted cubic HfO,y [Fig. S1, Supporting Informa-
tion]. Fortunately, weak metallicity and the presence of a few additional vibrational features
do not interfere with identifying the fundamental T, and Ty, vibrational modes in cubic
HfO,:20%Y . These effects are diminished (but not absent) in the orthorhombic materials dis-
cussed below because the overall level of Y incorporation is significantly lower and therefore

much less important.

Testing our predictions on antipolar orthorhombic HfO5:11%Y

Figure 2c¢ displays the infrared spectrum of HfOy with 11% Y substitution. This material
is orthorhombic and antipolar (Pbca, o-AP). The weak metallic background in the infrared
reflectance is overall reduced compared to that in HfO9:20%Y sample, and phonon screening
is considerably weaker. As a result, all of the infrared-active phonons are sharper and better
resolved. This effect is even more obvious in the 8% sample [Fig. S4, Supporting Informa-
tion|, where the orthorhombic and monoclinic phases are mixed. The comparison between
experiment and theory is good overall, even though the infrared-active phonons are partially
screened by the weak metallic background induced by Y incorporation. Fortunately, the
Raman-active phonons are well-resolved, providing an even better opportunity to compare
experiment and theory. Figure 2d displays the Raman scattering spectrum of HfO9:11%Y.
Numerous Raman-active peaks are present due to the lower crystal symmetry compared
to the cubic case, and the fluorescence background has been dramatically reduced using a
longer wavelength laser (A = 532 nm). Compared to HfO5:20%Y, there are fewer phonon
modes activated due to Y incorporation and the subsequent symmetry breaking. Overall,
our experimental results nicely match the theoretical predictions in terms of both frequency

and intensity.

Lattice dynamics of the monoclinic phase of HfO:0%Y

The monoclinic phase is the ground state of bulk hafnia, so it is easy to stabilize this
phase in single-crystal form without any Y substitution. Figure 2e,f summarizes the infrared

reflectance and Raman scattering response of this phase. Since there is no Y incorporation,

8
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the infrared-active phonons are well defined and unscreened, and the fluorescence background
observed in the samples containing 20 and 11% Y is absent. The overall agreement between
the measured and calculated pattern of excitations for pure hafnia is excellent and in perfect
agreement with prior literature.24243 This illustrates the predictive power of theory and
quality of vibrational spectra that should be available once the need for Y inclusion in the

crystal growth process is eliminated.

Revealing the vibrational properties of orthorhombic polar HfO5:12%Y

After developing an in-depth understanding of the lattice dynamics and vibrational signa-
tures of the above-studied phases of hafnia, we turn our attention to the polar orthorhombic
(o-1II) phase, which is central to this study. Figure 1 displays the crystal structure of the
o-III phase, which was experimentally stabilized by 12% Y substitution on the Hf lattice at
rapid cooling conditions.!® A complex trilinear coupling involving a zone-center polar (T3 ),
and zone-boundary nonpolar (Y;") and antipolar (Y, ) phonon modes is responsible for the
ferroelectric polarization in the o-III phase.?3?® More simplistically, one can attribute ferro-
electricity in this phase to the polar distortion of oxygen atoms along the ¢ axis (in reference
to a centrosymmetric tetragonal phase) as shown in Fig. 3(e), resulting in a spontaneous
ferroelectric polarization (P) parallel to the ¢ lattice vector (or 2 direction).!?23
The primitive unit cell of o-III phase contains a total of 12 atoms (4 formula units)

resulting in 33 optical phonon modes having following irreducible representations at the

zone center:

Lomm=8A69A;® 8B, &8 Bs. (1)

The A1, By, and B, modes are infrared active, generating changes in the dipole moment along
the Z, z, and gy directions, respectively. The A; odd-symmetry mode primarily contributes
to the ferroelectric polarization in o-1II phase.

Although all four mode symmetries A, Ay, B, and B, are Raman active, the experimental
detection of these modes in the back-scattering geometry is highly sensitive to the orientation
of the sample surface with respect to crystal lattice due to the Raman selection rules (see
Table S1, Supporting Information). For instance, the Bs modes can be observed only when

the sample surface is parallel to the P [Fig. S3a, Supporting Information|, whereas the A,

9
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Figure 3. a, Infrared reflectance spectra of HfO2:12% Y for in- and out-of-plane ferroelectric
polarization samples measured at 7 K, compared with the theoretically calculated infrared TO and
LO peak positions in the pure o-III phase. b, Raman spectra of HfO5:12% for the in- and out-
of-plane polarization samples measured at 4 K, compared with the theoretically calculated Raman
spectrum of the pure o-III phase. The measurement geometries are summarized in Table 1 and
Fig. S3 of the Supporting Information. ¢, Electric polarization hysteresis loops of the HfO2:12%Y.
Red and blue color indicate polarization along the out-of- and in-plane direction, respectively. d,e
Calculated phonon displacement patterns for the Hf-Hf breathing mode at 252 cm™', and the

signature polar mode of o-III phase at 354 cm™~! (see animations in the Supporting Information).

modes can be observed only when the sample surface is perpendicular to the P [Fig. S3b,
Supporting Information]. In order to experimentally detect all the Raman-active phonons
of the o-III phase, we prepared two samples having two different crystallographic surface-
cutting directions. Specifically, the surface-normal () orientations are: (i) n || @, P-in-plane

and (ii) n L @, P-out-of-plane. The exact measurement geometries are discussed in Fig. S3

10
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of the Supporting Information. Due to the similar lattice parameters, the b and ¢ axes are
finely twinned at the nanoscale in the polar HfO,:12% Y crystal, which means that the b

and ¢ axes are barely distinguishable in the macroscopic sample.

Figure 3c displays the electric polarization of the two HfO9:12%Y crystals measured with
out-of-plane electric fields. The samples with in- and out-of-surface plane spontaneous fer-
roelectric polarization are clearly identified in this measurement. Both samples have coer-
civities with similar amplitudes (approximately 3 MV /cm). The crystal cut to host out-of-
surface plane polarization displays a larger measurable remnant polarization (on the order
of 2.5 uC/cm?) compared with the crystal cut to host an in-surface plane polarization, since
the applied out-of-plane electric field is only supposed to switch the out-of-plane component

of the sample polarization. It is therefore straightforward to distinguish these samples.

Figure 3a,b displays the infrared reflectance and Raman scattering response of the samples
with both in- and out-of-surface plane polarizations. Since the infrared response is scalar in
nature, the reflectance spectra of both samples are nearly the same; the features observed in
the reflectance spectra also nicely match with the calculated frequencies of the infrared-active
phonons for the pure hafnia. Similar to HfO2:20%Y, the weak metallic background partially
screens some of the phonon features in the infrared reflectance spectra. The Raman scattering
spectra reveal cleaner phonon behavior. The Raman peak positions are well resolved and

are easy to track [Fig. 3b].

The crystals with the in- and out-of-surface plane ferroelectric polarization display an
overall similar Raman response but with some noticeable differences. The relative intensities
of some of the Raman-active phonon modes are slightly different due to the anisotropic
character of the polarizability tensor. Another notable difference is that the A, and B,
modes are detected only in the Raman spectrum of the P out-of-surface plane sample,
whereas the Bs modes are observed only in the Raman spectrum of the P in-surface plane
sample. This occurs due to the different Raman selection rules for different samples. It is
worth mentioning that the B; symmetry modes become Raman active in the P out-of-surface
plane sample only because the b and & axes are mixed due to twinning. Observation of the By,
Ay and By modes in our Raman measurements is completely consistent with our theoretical
predictions summarized in Table S1 of the Supporting Information. Furthermore, our low

temperature spectroscopic measurements reveal a weak temperature dependence of both the
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infrared reflectance and Raman scattering response in this system [Fig. S2, Supporting

Information)].

Below we highlight two peculiar phonon modes in the o-III phase. The first is a Hf-Hf

! Interestingly, the displacement pattern of

breathing mode of By symmetry near 252 cm™
this Hf-Hf dimer breathing mode, shown in Fig. 3d, has striking similarities to the panto-
graphic Cu-Cu dimer vibration in SrCus(BO3),, which dramatically modifies the superex-
change interaction by modulating the Cu-O-Cu bond angle.?? Of course, we do not expect
the Hf-Hf dimer vibration to significantly affect the properties since hafnia is nonmagnetic.
Moreover, a similar Hf-Hf dimer breathing mode is also observed in the experimental spectra
of the orthorhombic antipolar and monoclinic phases at nearby frequencies, which implies
that it is a fundamental lattice vibrational mode in the low energy phases of hafnia. Second,
we identify a signature polar phonon mode of A; symmetry near 350 cm~!. We call it a
signature mode of the o-I1I phase because there is no Raman peak in all other studies phases
of hafnia near the same frequency. The calculated displacement pattern of this A; mode,
shown in Fig. 3e, reveals that this is the primary polar mode of the o-III phase involving
polar displacements of oxygen atoms along the ¢ lattice vector.'?2123 This mode is the closest
analogue to the I';; polar mode that is responsible for generating scale-free ferroelectricity in
hafnia and has been referred as the “flat-phonon band” in literature'? due to its minuscule
dispersion in the momentum space. We observe this mode in the HfO2:12%Y samples, in
both in- and out-of-plane measurement configurations. However, the intensity of this peak
is maximized in the sample with the out-of-plane polarization due to its relatively large
polarizibility matrix element for the ac-plane response. This mode broadens with increas-
ing temperature [Fig. S2, Supporting Information|, consistent with the Boltzmann sigmoid

model that describes the temperature dependence of phonons.?%54

Fingerprinting the different phases of hafnia

Figure 4 summarizes the predicted vibrational properties of the known phases of hafnia.
Comparison of the calculated peak positions and relative intensities reveals a number of
distinguishing characteristics - more than enough to (i) differentiate two phases from each

other or (ii) identify an unknown phase from a spectroscopic measurement. As shown in Fig.

12



0 S4 of the Supporting Information, these spectral fingerprints can also be used to identify

51 mixed phases. A detailed summary of the distinguishing features is given in Table S2.
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Figure 4. Summary of the calculated (DFT-PBEsol) infrared and Raman responses for the five
studied phases of pure hafnia, i.e., cubic (¢), tetragonal (¢), orthorhombic polar (o-III), orthorhom-
bic antipolar (o-AP), and monoclinic (m). Only TO infrared modes are provided in the calculated

infrared spectra for clarity (see the Supporting Information for details regarding the LO modes).

The cubic phase is the easiest to identify. It has only two signature modes: T4, (infrared
active) and Ty, (Raman active). The ground state monoclinic phase is also straightforward
to identify, although the number of phonons is dramatically increased due to lower crystalline
symmetry. Distinguishing features in the infrared response include the B, symmetry modes
at 330 and 518 cm ™! as well as A, symmetry modes at 508 and 607 cm™!. Unique structures
in the Raman scattering response include an A, symmetry peak at 500 cm™! and B, sym-

metry modes at 518 and 780 cm™!. The spectrum of monoclinic HfO, is well-documented
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in the literature.?240:41

Analysis is more challenging for the orthorhombic polar and antipolar phases of hafnia
due to the complexity of their predicted spectral patterns. We can, however, still pinpoint
several unique signatures by closely examining the calculated phonon frequencies and the
relative infrared and Raman intensities in Fig. 4. In the infrared response, the A; modes
at 167 and 471 cm™! and the B; modes at 497 and 643 cm™! can be used to identify the
o-111 phase of hafnia. Likewise, the Bs, cluster near 200 cm™!, the By, modes at 385 cm™!,
and the By, phonons at 390, 485, and 622 cm™~! establish the 0-AP phase of hafnia. In the
Raman scattering response, the A; modes at 354, 396 and 471 cm~! and the By, modes at
532 and 562 cm~! can be used as a reference to characterize the o-III phase. Note that
the detection of the Raman-active modes in the o-III phase is dependent on the Raman
measurement geometry and different crystallographic surface-cutting directions with respect
to the spontaneous ferroelectric polarization directions. For the o-AP phase, the Raman-
active A, symmetry modes at 200, 380, and 438 cm~! and the By, mode at 710 cm™' are
the signature structures.

Finally, we discuss the vibrational properties of the tetragonal phase of hafnia. Although
not yet grown in a single crystal form, this phase will be readily identifiable once it becomes
available. Unique signatures are predicted to include a strong infrared-active A,, mode

1

at 321 cm™! and an intense Raman-active Ay, mode at 276 cm™'. No infrared or Raman

peaks are predicted to exist at these frequencies in any other phases of hafnia. The infrared-

1 1

active E, mode at 129 cm™ and the Raman-active E, mode at 677 cm™ are additional

characteristics of the tetragonal phase.

Charge-structure-function relationships in the different phases of hafnia

In order to extend our understanding of structure-property relationships in this family of
materials, we analyzed the calculated Born effective charges (Z*) for each phase of HfO,.
These results are summarized in Table S3 of the Supporting Information and are in good
agreement with the previous data reported on the ¢, t, and m phases.** We find that the Z*
tensor varies dramatically with the different phases of hafnia. In addition to the observed

differences in anisotropy in the low-symmetry phases, we note that Z* of Hf can acquire a
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value as large as +5.56 e~ in the cubic phase to relatively smaller values nearing +5e™ in the
lower symmetry phases of hafnia (lowest Z7; ;= 1+4.83e” in the m phase). In each case, the
Z7 ¢ is larger than the nominal valence charge of the Hf atoms (+4e7). Such an anomalously
large Zj;;, exceeding the Madelung limit, indicates a strong dynamic charge transfer from
oxygen to hafnium atoms along the Hf-O bond. It further implies the mixed ionic-covalent
nature of the Hf-O bonds in hafnia. Similar behavior has been observed in 1T-HfS, (Z7; ;=
+5.3e7).%

SUMMARY AND OUTLOOK

Looking ahead, many of the metastable phases of HfO, discussed in this work will find
application in emerging chip technologies. Naturally, properties like thermal conductivity
and heat capacity are key to effective heat management. Useful microscopic models of dissi-
pation in these high k dielectrics will require information about the fundamental excitations
of the lattice. That first principles methods can so accurately predict phonon eigenvectors
and intensities bodes well for these modeling efforts. At the same time, this work opens the
door to phononic engineering of hafnia-containing device architectures where strategies to
block damaging lattice effects can be tested and evaluated in advance of any measurement,

significantly extending the complexity of chip modeling efforts.

METHODS

Crystal growth and sample preparation: HfOo:2%Y crystals were grown utilizing laser-
diode-heated floating zone techniques.'® The optimal growth conditions were 95% laser power

! and counter-rotation of the

(approximately 3000 K), atmospheric air flow of 0.1 L min—
feed and seed rods at 3 and 20 rpm, respectively. Rapid cooling is one of the key factors to
stabilize meta-stable phases. Therefore, growth rate of 20 mm/h or a subsequent laser quench
process, i.e. quickly scanning the crystal by 65% power laser-heated zone, were performed to
reach very high cooling rates. The crystal rods were oriented by Laue back-reflection x-ray

methods and cut into ab/ac and bc plates, with typical size &~ 2 x 2 mm?. All samples were

polished to reveal shiny, flat surfaces suitable for spectroscopy. A summary of the growth
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and processing conditions of our various samples is given in Table 1.

Table 1. Summary of HfO> single crystals with different Y substitutions.

HfO2: 2%Y crystals

20% ‘12%, P in-plane| 12%, P out-of-plane

11%

8%

0%

Structure Cubic Orthorhombic Orthorhombic Orthorhombic| Mixing of orthorhombic | Monoclinic
and phase non-polar polar polar antipolar |antipolar and monoclinic| non-polar
Surface cutting Random | P in-plane (be) P out-of-plane (ab/ac) | Pseudo-cubic Pseudo-cubic Random
Polarization direction None be-plane ab- or ac-plane None None None
Measurement geometry|k L surface E | @ kFla E L surface k L surface k L surface
Growth rate 20 mm/h 20 mm/h 20 mm/h 20 mm/h 4 mm/h 4 mm/h
Quench rate 20 mm/h 20 mm/h 20 mm/h 20 mm/h 300 mm/h

Infrared and Raman scattering response:  We measured the infrared reflectance of a series
of Y-substituted HfO, single crystals [Table 1] using a series of Fourier transform spectrom-
eters equipped with liquid helium- and nitrogen-cooled detectors. In this work, we focus on
the 20 - 850 cm™! frequency range. Raman scattering measurements were performed in the
back scattering geometry with normal incident and unpolarized light using a LabRAM HR
Evolution spectrometer. Different excitations lasers (Aezeir = 476, 532, and 785 nm; < 3.2
mW) were employed as appropriate. Each scan was integrated for 60 s and averaged 5 times.
Temperature control was achieved with an open-flow cryostat (350 - 4 K).

Symmetry analysis and lattice dynamics calculations: First principles density functional
theory (DFT) calculations were performed using the projector augmented wave method
as implemented in the Vienna Ab initio Simulation Package (VASP).>**7 The exchange-
correlation functional was computed using the generalized-gradient approximation as pa-
rameterized by Perdew-Burke-Ernzerhof for solids (PBEsol).?® 600 eV was used as the ki-
netic energy cutoff for plane waves. The energy convergence criterion for self-consistent
DFT calculations was set at 10~7 eV and force convergence criterion for relaxation of atomic
coordinates was set at 1073 eV/A. The reciprocal space of the cubic (c), tetragonal (),
orthorhombic polar (o-III), orthorhombic antipolar (o-AP), and monoclinic (m) phases was
sampled using a Monkhorst-pack k-mesh® of size 8x8x8, 12x12x8, 8x8x8, 8x8x4, and
8x8x6, respectively. The phonon dispersions of the ¢, t, o-III, 0-AP, and m phases were
calculated using supercells of size 4x4x4, 4x4x2, 2x2x2, 2x1x2, and 2X2X2, respec-

60,61

tively. The non-analytical term correction was employed using the Gonze scheme as

implemented in the PHONOPY package.®?> A commensurate k-grid was used for phonon cal-
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culations. The zone-center phonon eigenvectors were used to compute the theoretical infrared
and Raman spectra using the methods described in Ref.%® An appropriate averaging of the
Raman-activity tensor was done to simulate the Raman spectrum of each studies phases of
hafnia. The Bilbao Crystallographic Server,*® PHONON website,% and PHONOPY package®?

were utilized to determine the Raman selection rules and symmetry of the phonon modes.
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