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ABSTRACT: Oxides are legendary for their complex energy landscapes, Ay, mode softening
sensitivity to external stimuli, and property control through chemical
substitution. Of these, the binary oxide HfO, is one of the most fascinating
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because of the extraordinary number competing phases and opportunities P4y,inmc F'g
to stabilize unique and useful properties. In this work, we combined YAl <198
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synchrotron-based infrared absorbance and Raman scattering spectros- S
q q q q q G q B S 196

copies with diamond anvil cell techniques and first-principles calculations T

i

to explore the properties of polar orthorhombic hafnia (chemical formula ' ) cE R ()

HfO,:xY, where x = 12%) under pressure. Compression drives this system @ 194 4 A ‘ ‘

to the tetragonal form above 22 GPa—quite different from the more 22 24 26
. . . .. . . Pressure (GPa)

conventional phase diagram derived from pressurization of monoclinic

HfO, where the tetragonal phase resides at elevated temperatures. In

addition to evidence for a complex energy landscape, we unveil a wide coexistence region, order-of-magnitude differences in phonon

lifetimes, and an A;, symmetry phonon in the tetragonal phase with a negative mode Griineisen parameter that drives the system

toward the cubic phase. Similar pressure pathways may connect other metastable phases in this family of materials.

B INTRODUCTION the orthorhombic phase through a polar instability, reminis-
Since 2007, amorphous hafnia (HfO,) thin films have been cent of proper ferroelectrics.”**° In this reference structu.re,
used as high & gate dielectrics in CMOS technology, enabling there are several flat branches of unstable phonons, which
the continuation of Moore’s scaling of DRAM chips.' ™ The naturally give rise to the phases with planar polar domains with
discovery of ferroelectricity in thin films* which, unlike that of widths on the unit cell scale. A metastable tetragonal phase
conventional perovskite ferroelectrics,” is robust at thicknesses (P4,/nmc), corresponding to the ambient pressure tetragonal
down to the unit-cell scale’ and is highly compatible with phase observed at temperatures above 1720 °C and at slightly
silicon”~” makes hafnia an attractive candidate for nonvolatile lower temperatures under pressure,”’ is predicted to take part
ferroelectric FET devices”” and negative capacitance hetero- in various structural transformation and ferroelectric switching
structures.'”"" Further exploration of HfO, has revealed a rich pathways,'¥**** but it has remained elusive in single crystal
energy landscape of competing phases in crystalline thin films form at 300 K (although it appears at high temperatures when
of hafnia;lz_M including phases with planar polar domains monoclinic hafnia is compressed). A detailed investigation of
Whos% polarization directions can be chosen almost independ- phonons and the distortion pathways that they represent”™>"
e.ntly,l suggesting yet more state-of-the-art device applica- is therefore key to identifying and connecting the competing
tions. ™’

metastable states that involve tetragonal hafnia. More
generally, it may be possible to access interesting metastable
phases by driving the system along appropriate pressure
pathways through the complex energy landscape that involve

Various approaches have been advanced to explain the origin
of multiple competing phases and the ferroelectric phase in
particular.'>">'7~** It is natural to use the Fm3m cubic fluorite
phase as a reference state. This phase has a single lattice
instability that generates the centrosymmetric P4,/nmc
tetragonal phase as a local energy minimum; this from which

other metastable states.

the orthorhombic ferroelectric phase can be obtained through Received: September 15, 2024 i
an improper trilinear coupling mechanism, involves a Revised:  January 29, 2025
combination of polar, nonpolar, and antipolar phonon Accepted: January 30, 2025
modes.'”"'”"7?° On the other hand, the use of other high- Published: February 17, 2025

symmetry reference structures, for example an antipolar
orthorhombic Pbcn structure, gives an alternative route to
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The growth of high quality HfO,:x%Y single crystals (x = 0,
7, 11, 12, 20%)>* is a breakthrough that has created a number
of unprecedented opportunities to explore structure—property
relations in this family of materials.”>™>> While at room
temperature the undoped state is monoclinic (P2,/c), different
Y concentrations support the antipolar orthorhombic phase
(Pbca), the polar orthorhombic phase (Pca2;), and the high-
energy cubic form (Fm3m).*” The Pca2, polar orthorhombic
phase of HfO,:12%Y hosts switchable ferroelectricity with a
magnitude of 3 #C/cm? and a coercive electric field of 4 MV/
cm.”” Evidence for this state comes from X-ray, TEM, and
vibrational spectroscopies.””**> The antipolar Pbca phase is
stabilized in HfO,:11%Y and can be prepared by mixed phase
materials via pressure cycling.36 The antiferroelectric ortho-
rhombic material has energy applications’” and is implicated in
the switching pathway of the polar orthorhombic material."”**

In this work, we combined accelerator-based infrared
absorption and Raman scattering with diamond anvil cell
techniques to reveal the spectroscopic response of HfO,:12%Y
under compression. Remarkably, pressure drives a reaction in
which polar orthorhombic hafnia is transformed into the
tetragonal P4,/nmc phase above 22 GPa [Figure 1]. We
confirm the identify of this higher symmetry phase using
previously predicted signature phonon modes of tetragonal
hafnia®””° and support the assignment with symmetry
arguments and an analysis of the energy landscape. Frequency
vs pressure trends also reveal a Raman-active A;, symmetry
phonon in the tetragonal phase with a negative mode
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Figure 1. (a,b) Crystal structures of the orthorhombic polar (Pca2;)
and tetragonal (P4,/mnc) phases of hafnia. The pressure-driven
reaction rearranges the oxygen centers while the hafnium ions remain
fixed. This type of subtle difference makes it challenging to correctly
identify a phase using a single technique. (c) Calculated enthalpy
difference (AH = H,,,., — H,p,ir) Vs pressure for pure HfO,. The
tetragonal phase is predicted to become enthalpically more favorable
above 23 GPa.
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Griineisen parameter that has important consequences for
the development of competing phases. These findings advance
the understanding of presssure-driven transitions in binary
oxides, establish the viability of tetragonal hafnia at room
temperature in single crystal form, and suggest that extreme
pressure conditions may be cazpable of tuning between other
metastable phases of hafnia.””**™* The fundamental ex-
citations of the lattice are also relevant to the ferroelectric
switchliznlg9 g)athway, phononic engineering, and heat manage-
ment.

B METHODS

High quality hafnia crystals stabilized with yttrium (chemical formula
HfO,:xY, where x = 12%) were grown by laser-diode heated floating
zone techniques with rapid cooling.>* A small, well-shaped piece of
the polar orthorhombic material was loaded into a diamond anvil cell
equipped with type Ilas or ultralow fluorescence diamonds with 500
pum culets. We used a 75 um gasket hole and either petroleum jelly or
KBr as a pressure medium (depending on the measurement) to
ensure quasi-hydrostatic pressure conditions. Fluorescence from an
annealed ruby ball was used to determine pressure and to ensure that
the sample remained under quasi-hydrostatic conditions at all
pressures [Figure S1, Supporting Information].*® Care was taken to
optimize optical density in order to reveal the features of interest.
Taking advantage of the stable, high-brightness beam, synchrotron-
based infrared spectroscopy (60—680 cm™'; 4 cm™" resolution) was
performed using a Bruker Vertex 80 equipped with a bolometer
detector at the 22-IR-1 beamline at the National Synchrotron Light
Source II at Brookhaven National Laboratory. Raman scattering was
carried out with a 532 nm laser (<1 mW), backscattering geometry, a
1800 line/mm grating, and a liquid N,-cooled CCD detector.
Pressure was increased stepwise between 0 and approximately 27
GPa. Sample fluorescence increased significantly above this pressure,
so we did not go further. The structural phase transition is reversible
upon release of pressure after about 20 min [Figure S2, Supporting
Information]. Complementary first-principles density functional
theory (DFT) calculations were performed using the Vienna Ab
initio Simulation Package (VASP)*~*’ within the projector-
augmented wave framework.® The generalized-gradient approxima-
tion was employed to calculate the exchange-correlation functional.*’
Details are available in Supporting Information.**

B RESULTS AND DISCUSSION

Creating Tetragonal Hafnia under Compression at
Room Temperature. Figure 2 displays the infrared
absorbance of HfO,:12%Y. The ambient pressure phase of
this system is already established as polar orthorhombic hafnia
(Pca2,)’** with signature A, symmetry modes at 167 and 471
cm™" and B, modes at 497 and 643 cm™.*’ The spectrum of
the tetragonal phase material (P4,/nmc) is fully formed and no
longer changing by 26 GPa with signature E, symmetry modes
at 305 and 445 cm™' and an A,, mode at 355 cm™'. The
theoretically predicted vibrational fingerprints of this phase are
consistent with the measured result, thus confirming the
identity of the high pressure phase. That said, the features are
significantly broadened due to Y substitution. Even so, the
results demonstrate the power of vibrational spectroscopy for
phase identification. As a reminder, this approach is successful
is because the irreducible representations of distinct crystal
phases exhibit the full crystal symmetry.””*® The clear phonons
in the high pressure phase also suggest that tetragonal
HfO,:12%Y is crystalline. This supposition is further confirmed
by the fact that the reaction of polar orthorhombic hafnia to
create tetragonal hafnia is reversible upon release of pressure
[Supporting Information].
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Figure 2. Infrared absorption of HfO,:12%Y in the polar
orthorhombic (blue) and nonpolar tetragonal (red) phases at room
temperature. Theoretically predicted mode frequencies and intensities
are included for comparison. Select mode symmetries are labeled, and
space groups are indicated.

Figure 3 displays the Raman scattering response of
HfO,:12%Y as a function of pressure at 300 K. Here, we can
see the systematic progression from polar orthorhombic to
mixed to tetragonal phase hafnia. The signature Raman-active
modes of polar orthorhombic hafnia include A, symmetry
features at 354, 396, and 471 cm™"' and B, symmetry structures
at 532 and 562 cm™' at ambient conditions.”” The Raman-

active modes in our sample are broader that what one might
encounter in an epitaxial thin film. This is attributable to the Y
substitution which is required to stabilize the polar
orthorhombic phase in HfO,:12%Y. These vibrational modes
shift only slightly under pressure—as expected for a hard
material. The two-phase region between 8 and 20 GPa might
be a sign of nonhydrostaticity, but the fact that a second
crystalline phase with sharp, clear phonons emerges at still
higher pressures argues against such an interpretation and
instead suggests that it is merely an extended transition region.
Disorder is also different than the development of a distinct
structural phase in that spectral features would be expected to
continue diminishing and broadening—which is not the case.
Tetragonal hafnia begins to appear above 20 GPa, and it is
well-established by 26 GPa. We did not go to significantly
higher pressures because the sample fluoresces strongly under
these conditions. Whether this is due to the luminescence of
oxygen vacancies in HfO,>” or an intrinsic property of the high
pressure phase is not known at this time. In any case, the
measured Raman response of tetragonal hafnia under pressure
compares exceptionally well with our calculations, with strong
Ay, and By, symmetry modes predicted at 129 and 674 cm™),
respectively, along with two E, symmetry modes at 614 and
703 cm™! at 26 GPa. In addition to the fundamental Raman-
active modes of tetragonal hafnia, a few extra ungerade
symmetry features are activated by Y inclusion. This is because
local Y impurities lead to static disorder which breaks local
symmetries.”” Clearly polar orthorhombic hafnia is much more
than a high-x gate dielectric for CMOS technology.”* It is a
gateway to stabilizing the more elusive phases of hafnia.
Frequency vs Pressure Trends and Soft Mode in the
Tetragonal Phase. With the spectroscopic signatures across
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Figure 3. (a) Raman scattering response of HfO,:12%Y as a function of pressure at room temperature. Compression drives the polar orthorhombic
form (blue) into a wide mixed-phase region (gray) and subsequently into the nonpolar tetragonal phase (red). The calculated mode patterns are
shown for comparison, and symmetries are labeled accordingly. Y-induced features are shown in orange for the tetragonal phase. The space groups
and coexistence range are indicated. (b) Frequency vs pressure for HfO,:12%Y at 300 K. An A,, symmetry phonon near 200 cm™' displays a
negative mode Griineisen parameter in the tetragonal phase (green spheres).
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the structural phase transition on a firm foundation, we can
compare frequency vs pressure trends with our lattice
dynamics calculations. Overall, the Raman-active phonons
harden under pressure [Figure 3(b)]. The A;, symmetry mode
near 200 cm ™' in the tetragonal phase is different. It softens
under compression and in fact hosts a negative mode
Griineisen parameter [Table 1]. The experimental softening

Table 1. Summary of Mode Griineisen parameters (¥;’s) for
the Raman-Active Vibrational Features in the Tetragonal
Phase of HfO,:12%Y"

; (em™) mode symmetry 0w,;/0P (cm™'/GPa) 7;
134.7 Eg 0.11 0.20
199.6 Alg -0.66 -0.81
218.1 By, 0.43 0.48
349.7 Ay, 0.46 0.32
563.5 E, 40 1.73
650.2 Blg 0.36 0.14
696.7 E 0.39 0.14

“The w,’s were obtained at 21 GPa, and the 0w/0P’s were extracted
from our measurements between 21 and 27 GPa.

of the A, mode is on the order of § or 6 cm™". This is actually
a large red shift considering that the normal trend under
pressure is to harden. Example peak fits are available in the
Supporting Information, although the trend is apparent even
with the naked eye. Hafnia has been predicted to host several
different types of soft modes, although to our knowledge this is
the first such mode-softening that has been observed in an
experiment. Our calculations reveal that the soft A;, phonon in
the tetragonal phase bears a striking similarity to the unstable
zone-boundary X, mode of cubic hafnia which is responsible
for the cubic-to-tetragonal phase transition with decreasing
temperature (2900 > T > 2073 K).”'>'>*® Figure 4 displays
the displacement pattern of this vibrational mode.

Figure 4. Displacement pattern of the Raman-active A;, symmetry
mode of tetragonal hafnia showing out-of-phase motion of the oxygen
centers viewed in different orientations. Inequivalent oxygen atoms
are shown in red and blue. This is the only phonon that softens in the
tetragonal phase. All others stiffen. The A;, mode in the tetragonal
phase is analogous to the X; mode in cubic hafnia.

In pristine HfO,, the rate of A, mode softening is predicted
to increase drastically above 20 GPa [Figure S3, Supporting
Information], revealing the crucial role of this particular
phonon mode in the phase transformation process. It is worth
noting that, as compared to our theoretical calculations for
pure tetragonal HfO,, the experimental data shows relatively
smaller mode softening [Figure 3(b)]. We attribute the
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difference to the presence of Y substitution in the HfO,:12%
Y crystals. However, both in theory and experiment, the A,
phonon stands out as the sole feature with a negative mode
Griineisen parameter among all other Raman-active modes in
the tetragonal phase. Observation of the A, soft mode in
tetragonal hafnia suggests that this phonon drives the phase
transition toward the cubic (Fm3m) phase, as predicted
theoretically.”'>'*** The cubic ;)hase is predicted to form at
higher pressures above 28 GPa’® and has been stabilized as
HfO,:20%Y by laser floating zone techniques.””** We have not
been able to detect its presence in our experiments due to
strong fluorescence interference.

The Intermediate Pressure Coexistence Regime.
Another remarkable aspect of HfO,:12%Y under pressure is
the unusually wide mixed-phase region between approximately
8 and 20 GPa where polar orthorhombic (Pca2,) and nonpolar
tetragonal (P4,/nmc) phases coexist [Figure 3]. Similar
phenomena are often observed in other parameter spaces.
For instance, Schroeder et al. recently discovered a wide
coexistence region in HfZr, ,O,, although in this family of
mixed metal oxides, the polar orthorhombic to nonpolar
tetragonal transition develops due to changes in doping and
oxygen stoichiometry.”® In our case, we can see that the peaks
associated with the polar orthorhombic phase diminish in
intensity whereas those associated with the tetragonal phase
start to grow, demonstrating that what replaces the
orthorhombic phase is indeed the tetragonal phase. The
properties of these coexistence regimes are highly under-
explored. The spectra in this pressure range are also noticeably
broader than those in the Pca2, and P4,/nmc states due to (i)
the complex and overlapping mode patterns in the mixed phase
and (ii) the fact that we are getting nearer to resonance with
the exciting laser under compression. In any case, this system
provides the opportunity to study the conditions of
coexistence, tune the relative amounts of each phase by
adjusting pressure, and even distinguish the relative contribu-
tion of the different phases by their phonon signatures—even
though the two phases have similar structures. A phase change
over such a wide range of pressures may host interesting
piezoelectric effects.*®

Evaluating Phonon Lifetimes. The signature modes in
the high pressure tetragonal phase of HfO,:12%Y are
noticeably broader than those in the low pressure polar
orthorhombic form suggesting important differences in
phonon lifetimes. The latter is a useful quantity related to
the Heisenberg uncertainty principle that can be calculated as 7
= h/y where y is the phonon line width.>> Typical phonon
lifetimes for the orthorhombic polar phase are between 1 and
1.8 ps, whereas the phonon lifetimes are much shorter in the
tetragonal phase (0.05—0.07 ps). The former are similar to Si
(1.6—2 ps)*® whereas the latter are comparable to semi-
conductors like 1T-HfS, (0.03—0.4 ps).”” Employing a
characteristic phonon velocity of 4000 m/s, we find mean
free paths of between 4000 and 7200 pm in the polar
orthorhombic phase. The mean free path is shorter in the
tetragonal phase due to an increased number of scattering
events.

Phase Competition in This System. It is of great interest
to understand the energetics and symmetry rules of this
rearrangement. Figure 1(c) displays the enthalpy vs pressure
curve for this system calculated from first principles. Polar
orthorhombic hafnia is the reactant at ambient conditions, so it
starts as the ground state; the tetragonal phase is at much

https://doi.org/10.1021/acs.chemmater.4c02596
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higher energy. With increasing pressure, the energy of the
tetragonal form decreases systematically, approaching that of
polar orthorhombic hafnia. The two enthalpy surfaces cross
near 23 GPa, in excellent agreement with our measurements.
Above this pressure, the ground state is tetragonal—different
than what might be expected based upon the phase diagram of
ref 27. We attribute this result to the different starting point
(pure monoclinic HfO, vs polar orthorhombic HfO,:12%Y).
As shown by the energy axis, 23 GPa is equivalent to 75 meV/
fu. Compression to more extreme conditions (beyond 30
GPa) is predicted to stabilize the cubic phase.*

B CONCLUSION

To summarize, we measured the vibrational properties of polar
orthorhombic hafnia under extreme conditions and uncover a
compression-driven reaction that drives to the tetragonal (P4,/
nmc) form above 22 GPa. This transformation, which takes
place at room temperature, reveals that the tetragonal phase
can be present at 300 K if the compression processes is begun
with the Pca2, form of hafnia (in this case, HfO,:12%Y) rather
than a monoclinic crystal. Analysis of the energy landscape
confirms this local minimum and further suggests that the
cubic phase should be accessible above 30 GPa. Observation of
an A;, symmetry mode with negative mode Griineisen
parameter in the tetragonal phase is in line with these
predictions. These findings raise the possibility that other
forms of hafnia might be accessed using similar high pressure
methods, at least partially obviating the current ultrahigh
temperature growth conditions and moving a step closer to
realizing the full potential of scale-free ferroelectricity in useful
devices. The ability to identify tetragonal hafnia may also
support greater understanding of the switching pathway in the
polar material.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02596.

Technical details regarding hydrostaticity in our high-
pressure measurements, theoretical calculations, analysis
of mode Griineisen parameters, obtained mode
Griineisen parameters for the tetragonal and ortho-
rhombic-polar phases of HfO,, peak fitting, crystal
growth, and pressure-dependence of zone-center pho-
non frequencies for the tetragonal phase of hafnia (PDF)

B AUTHOR INFORMATION

Corresponding Author
Janice L. Musfeldt — Department of Chemistry and
Department of Physics and Astronomy, University of
Tennessee, Knoxville, Tennessee 37996, United States;
orcid.org/0000-0002-6241-823X; Email: musfeldt@
utk.edu

Authors
Sobhit Singh — Department of Mechanical Engineering and
Materials Science Program, University of Rochester,
Rochester, New York 14627, United States; ©® orcid.org/
0000-0002-5292-4235
Kevin A. Smith — Department of Chemistry, University of
Tennessee, Knoxville, Tennessee 37996, United States

1824

Xianghan Xu — Department of Physics and Astronomy and
Rutgers Center for Emergent Materials, Rutgers University,
Piscataway, New Jersey 08854, United States; © orcid.org/
0000-0001-6854-300X

Sang-Wook Cheong — Department of Physics and Astronomy
and Rutgers Center for Emergent Materials, Rutgers
University, Piscataway, New Jersey 08854, United States

Zhenxian Liu — Department of Physics, University of Illinois
Chicago, Chicago, Illinois 60607-7059, United States

David Vanderbilt — Department of Physics and Astronomy,
Rutgers University, Piscataway, New Jersey 08854, United
States

Karin M. Rabe — Department of Physics and Astronomy,
Rutgers University, Piscataway, New Jersey 08854, United
States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.4c02596

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

JLM. acknowledges support from the Physical Behavior of
Materials, Basic Energy Sciences, U.S. Department of Energy
(DE-SC0023144) and the Materials Research Fund at the
University of Tennessee. S.S. is funded by the U.S. Department
of Energy, Office of Science, Office of Fusion Energy Sciences,
Quantum Information Science program under Award No. DE-
SC-0020340 and the University Research Awards at the
University of Rochester. X.X. and S.-W.C .are funded by the
center for Quantum Materials Synthesis (cQMS), by the
Gordon and Betty Moore Foundation’s EPiQS initiative
through grant GBMF6402, from DMR-1629059, and by
Rutgers University. KM.R. acknowledges funding from Office
of Naval Research (ONR) grant N00014-21-1-2107. D.V.
acknowledges support from National Science Foundation grant
DMR-2421895. This work used resources of the National
Synchrotron Light Source II; a U.S. Department of Energy
(DOE) Office of Science User Facility operated for the DOE
Office of Science by Brookhaven National Laboratory under
Contract No. DE-SC0012704. Use of the 22-IR-1 beamline is
supported by the National Science Foundation Division of
Earth Sciences (EAR) SEES: Synchrotron Earth and Environ-
mental Science (EAR-2223273) and Chicago/DOE Alliance
Center (CDAC) DE-NA-0004153. We thank S. Fan and Y. Gu
for useful conversations.

B REFERENCES

(1) Breyer, E. T.; et al. Perspective on ferroelectric, hafnium oxide
based transistors for digital beyond von-Neumann computing. Appl.
Phys. Lett. 2021, 118, No. 050501.

(2) Schroeder, U.; et al. The fundamentals and applications of
ferroelectric HfO,. Nat. Rev. Mater. 2022, 7, 653—669.

(3) Noheda, B.; et al. Lessons from hafnium dioxide-based
ferroelectrics. Nat. Mater. 2023, 22, 562—569.

(4) Boscke, T. S.; et al. Ferroelectricity in hafnium oxide thin films.
Appl. Phys. Lett. 2011, 99, 102903.

(5) Cohen, R. E. Origin of ferroelectricity in perovskite oxides.
Nature 1992, 358, 136.

(6) Lee, H.-J.; et al. Scale-free ferroelectricity induced by flat phonon
bands in HfO,. Science 2020, 369, 1343—1347.

(7) Hubbard, K. J; Schlom, D. G. Thermodynamic stability of
binary oxides in contact with silicon. J. Mater. Res. 1996, 11, 2757.

https://doi.org/10.1021/acs.chemmater.4c02596
Chem. Mater. 2025, 37, 1820—1825


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02596?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02596/suppl_file/cm4c02596_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Janice+L.+Musfeldt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6241-823X
https://orcid.org/0000-0002-6241-823X
mailto:musfeldt@utk.edu
mailto:musfeldt@utk.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sobhit+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5292-4235
https://orcid.org/0000-0002-5292-4235
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+A.+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianghan+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6854-300X
https://orcid.org/0000-0001-6854-300X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang-Wook+Cheong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenxian+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Vanderbilt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karin+M.+Rabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02596?ref=pdf
https://doi.org/10.1063/5.0035281
https://doi.org/10.1063/5.0035281
https://doi.org/10.1038/s41578-022-00431-2
https://doi.org/10.1038/s41578-022-00431-2
https://doi.org/10.1038/s41563-023-01507-2
https://doi.org/10.1038/s41563-023-01507-2
https://doi.org/10.1063/1.3634052
https://doi.org/10.1038/358136a0
https://doi.org/10.1126/science.aba0067
https://doi.org/10.1126/science.aba0067
https://doi.org/10.1557/JMR.1996.0350
https://doi.org/10.1557/JMR.1996.0350
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(8) Luo, Q; et al. A highly CMOS compatible hafnia-based
ferroelectric diode. Nat. Commun. 2020, 11, 1391.

(9) Fina, L; Sanchez, F. Epitaxial ferroelectric HfO, films: growth,
properties and devices. ACS Appl. Elect. Mater. 2021, 3, 1530—1549.

(10) Cheema, S. S.; et al. Ultrathin ferroic HfO,-ZrO, superlattice
gate stack for advanced transistors. Nature 2022, 604, 65—71.

(11) Jo, S; et al. Negative differential capacitance in ultrathin
ferroelectric hafnia. Nat. Elect. 2023, 6, 390—397.

(12) Qj, Y; et al. Stabilization of competing ferroelectric phases of
HfO, under epitaxial strain. Phys. Rev. Lett. 2020, 125, 257603.

(13) Qi, Y.; Rabe, K. M. Phase competition in HfO2 with applied
electric field from first principles. 2020, 102, 214108.

(14) Dogan, M.; et al. Causes of ferroelectricity in HfO,-based thin
films: an ab initio perspective. Phys. Chem. Chem. Phys. 2019, 21,
12150—12162.

(15) Silva, J. P. B; et al. Roadmap on ferroelectric hafnia- and
zirconia-based materials and devices. APL Mater. 2023, 11,
No. 089201.

(16) Lee, M.; et al. Hafnium oxide-based ferroelectric devices for in-
memory computing: resistive and capacitive approaches. ACS Appl.
Electron. Mater. 2024, 6, 5391—5401.

(17) Reyes-Lillo, S. E.; et al. Antiferroelectricity in thin-film ZrO,
from first principles. Phys. Rev. B 2014, 90, 140103.

(18) Delodovici, F.; et al. Trilinear-coupling-driven ferroelectricity in
HfO,. Phys. Rev. Mater. 2021, S, No. 064405.

(19) Qj, Y. et al.. Polarization switching mechanism in HfO, from
first-principles lattice mode analysis. arXiv preprint: 2108.12538
(2021).

(20) Zhou, S.; et al. Strain-induced antipolar phase in hafnia
stabilizes robust thin-film ferroelectricity. Science Advances 2022, 8, 47.

(21) Ma, L,; et al. Ultrahigh oxygen ion mobility in ferroelectric
hafnia. Phys. Rev. Lett. 2023, 131, 256801.

(22) Wu, Y,; et al. Unconventional polarization-switching mecha-
nism in (Hf, Zr)O, ferroelectrics and its implications. Phys. Rev. Lett.
2023, 131, 226802.

(23) Silva, A; et al. Unraveling the ferroelectric switching
mechanisms in ferroelectric pure and La doped HfO, epitaxial thin
films. Mater. Today Phys. 2023, 34, 101064.

(24) Aramberri, H.; Iniguez, J. Theoretical approach to ferroelec-
tricity in hafnia and related materials. Commun. Mater. 2023, 4, 95.

(25) Raeliarijaona, A,; Cohen, R. E. Hafnia HfO, is a proper
ferroelectric. Phys. Rev. B 2023, 108, No. 094109.

(26) Schroeder, U.; et al. Temperature-dependent phase transitions
in HfZr; O, mixed oxides: indications of a proper ferroelectric
material. Adv. Electron. Mater. 2022, 8, 2200265.

(27) Ohtaka, O.; et al. Phase relations and volume changes of hafnia
under high pressure and high temperature. J. Am. Ceram. Soc. 2001,
84, 1369—1373.

(28) Voronko, Y. K.; Sobol, A. A.; Shukshin, V. E. Monoclinic—
tetragonal phase transition in zirconium and hafnium dioxides: a high-
temperature Raman scattering investigation. Phys. Solid State 2007,
49, 1963—1968.

(29) Fan, S.; et al. Vibrational fingerprints of ferroelectric HfO,. npj
Quant. Mater. 2022, 7, 32.

(30) Materano, M.; et al. Raman spectroscopy as a key method to
distinguish the ferroelectric orthorhombic phase in thin ZrO,-based
films. Phys. Status Solidi RRL 2022, 16, 2100589.

(31) Mimura, T.; et al. Phase identification of 850 nm thick 7%
YO1.5-93%HfO2 films by surface and cross-sectional Raman
spectroscopies. ACS Appl. Electron. Mater. 2024, 6, 2500—2506.

(32) Xu, X; et al. Kinetically stabilized ferroelectricity in bulk single-
crystalline HfO,:Y. Nat. Mater. 2021, 20, 826—832.

(33) Cojocaru, B; et al. Phase control in hafnia: new synthesis
approach and convergence of average and local structure properties.
ACS Omega 2019, 4, 8881—8889.

(34) Song, T.; et al. Impact of La concentration on ferroelectricity of
La-doped HfO, expitaxial thin films. ACS Appl. Elect. Mater. 2021, 3,
4809—4816.

1825

(35) Cao, T.; et al. Stabilizing polar phases in binary metal oxides by
hole doping. Phys. Rev. Materials 2023, 7, No. 044412.

(36) Musfeldt, J. L; et al. Structural phase purification of bulk
HfO,:Y through pressure cycling. Proceedings of the National Academy
of Science 2024, 121, No. e2312571121.

(37) Liu, Z.; et al. Antiferroelectrics for energy storage applications:
a review. Adv. Mater. Technol. 2018, 3, 1800111.

(38) Arashi, H. Pressure-induced phase transformation of HfO,. J.
Am. Ceram. Soc. 1992, 75, 844.

(39) Jayaraman, A.; et al. Pressure-induced phase transformations in
HfO, to 50 GPa studied by Raman spectroscopy. Phys. Rev. B 1993,
48, 9205.

(40) Leger, J. M,; et al. Pressure-induced phase transitions and
volume changes in HfO, up to S0 GPa. Phys. Rev. B 1993, 48, 93.

(41) Desgreniers, S.; Lagarec, K. High-density ZrO, and HfO,:
Crystalline structures and equations of state. Phys. Rev. B 1999, 59,
8467.

(42) Al-Khatatbeh, Y.; et al. Phase diagram up to 105 GPa and
mechanical strength of HfO,. Phys. Rev. B 2010, 82, 144106.

(43) Huan, T. D.; et al. Pathways towards ferroelectricity in hafnia.
Phys. Rev. B 2014, 90, No. 064111.

(44) Mandal, G; et al. Study of structural phase transition of HfO,
at high pressure. Materials Today: Proceedings 2016, 3, 2997—3001.

(45) Jiang, P.; et al. Wake-up effect in HfO,-based ferroelectric films.
Adv. Electronic Mater. 2021, 7, 2000728.

(46) Mao, H. K;; et al. Specific volume measurements of Cu, Mo,
Pd, and Ag and calibration of the ruby R, fluorescence pressure gauge
from 0.06 to 1 Mbar. J. Appl. Phys. 1978, 49, 3276—3283.

(47) Kresse, G.; Furthmiiller, J. Efficient iterative schemes for ab
initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, 11169—11186.

(48) Kresse, G.; Furthmiiller, J. Efficiency of ab—initio total energy
calculations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 1996, 6, 15—50.

(49) Kresse, G; Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 1999, $9, 1758—
1775.

(50) Blschl, P. E. Projector augmented-wave method. Phys. Rev. B
1994, 50, 17953—17979.

(51) Perdew, J. P.; et al. Restoring the density-gradient expansion for
exchange in solids and surfaces. Phys. Rev. Lett. 2008, 100, 136406.

(52) The Supporting Information (SM) contains technical details
regarding hydrostaticity in our high pressure measurements,
theoretical calculations, analysis of mode Griineisen parameters,
obtained mode Griineisen parameters for the tetragonal and
orthorhombic-polar phases of HfO,, and pressure-dependence of
zone-center phonon frequencies for the tetragonal phase of hafnia.

(53) Bulyarskiy, S. V.; et al. Luminescence of oxygen vacancies in
hafnium oxide, characteristics of emission bands and use for
diagnostics of technological processes. Opt. Mater. 2024, 154, 115693.

(54) Choi, J. H; et al. Development of hafnium based high-k
materials - a review. Materials Science and Engineering R. Reports 2011,
72, 97—136.

(55) Sun, Q.-C.; et al. Spectroscopic determination of phonon
lifetimes in rhenium-doped MoS, nanoparticles. Nano Lett. 2013, 13,
2803—2808.

(56) Letcher, J.; et al. Effects of high carrier densities on phonon and
carrier lifetimes in Si by time-resolved anti-Stokes Raman scattering.
Appl. Phys. Lett. 2007, 90, 252104.

(57) Neal, S. N; et al. Chemical bonding and Born charge in 1T-
HIS,. npj 2D. Materials and Applications 2021, S, 4S.

https://doi.org/10.1021/acs.chemmater.4c02596
Chem. Mater. 2025, 37, 1820—1825


https://doi.org/10.1038/s41467-020-15159-2
https://doi.org/10.1038/s41467-020-15159-2
https://doi.org/10.1021/acsaelm.1c00110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.1c00110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-022-04425-6
https://doi.org/10.1038/s41586-022-04425-6
https://doi.org/10.1038/s41928-023-00959-3
https://doi.org/10.1038/s41928-023-00959-3
https://doi.org/10.1103/PhysRevLett.125.257603
https://doi.org/10.1103/PhysRevLett.125.257603
https://doi.org/10.1039/C9CP01880H
https://doi.org/10.1039/C9CP01880H
https://doi.org/10.1063/5.0148068
https://doi.org/10.1063/5.0148068
https://doi.org/10.1021/acsaelm.4c01071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.4c01071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.90.140103
https://doi.org/10.1103/PhysRevB.90.140103
https://doi.org/10.1103/PhysRevMaterials.5.064405
https://doi.org/10.1103/PhysRevMaterials.5.064405
https://doi.org/10.1126/sciadv.add5953
https://doi.org/10.1126/sciadv.add5953
https://doi.org/10.1103/PhysRevLett.131.256801
https://doi.org/10.1103/PhysRevLett.131.256801
https://doi.org/10.1103/PhysRevLett.131.226802
https://doi.org/10.1103/PhysRevLett.131.226802
https://doi.org/10.1016/j.mtphys.2023.101064
https://doi.org/10.1016/j.mtphys.2023.101064
https://doi.org/10.1016/j.mtphys.2023.101064
https://doi.org/10.1038/s43246-023-00421-z
https://doi.org/10.1038/s43246-023-00421-z
https://doi.org/10.1103/PhysRevB.108.094109
https://doi.org/10.1103/PhysRevB.108.094109
https://doi.org/10.1002/aelm.202200265
https://doi.org/10.1002/aelm.202200265
https://doi.org/10.1002/aelm.202200265
https://doi.org/10.1111/j.1151-2916.2001.tb00843.x
https://doi.org/10.1111/j.1151-2916.2001.tb00843.x
https://doi.org/10.1134/S1063783407100253
https://doi.org/10.1134/S1063783407100253
https://doi.org/10.1134/S1063783407100253
https://doi.org/10.1038/s41535-022-00436-8
https://doi.org/10.1038/s41535-022-00436-8
https://doi.org/10.1002/pssr.202100589
https://doi.org/10.1002/pssr.202100589
https://doi.org/10.1002/pssr.202100589
https://doi.org/10.1021/acsaelm.4c00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.4c00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.4c00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-020-00897-x
https://doi.org/10.1038/s41563-020-00897-x
https://doi.org/10.1021/acsomega.9b00580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b00580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.1c00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.1c00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevMaterials.7.044412
https://doi.org/10.1103/PhysRevMaterials.7.044412
https://doi.org/10.1073/pnas.2312571121
https://doi.org/10.1073/pnas.2312571121
https://doi.org/10.1002/admt.201800111
https://doi.org/10.1002/admt.201800111
https://doi.org/10.1111/j.1151-2916.1992.tb04149.x
https://doi.org/10.1103/PhysRevB.48.9205
https://doi.org/10.1103/PhysRevB.48.9205
https://doi.org/10.1103/PhysRevB.48.93
https://doi.org/10.1103/PhysRevB.48.93
https://doi.org/10.1103/PhysRevB.59.8467
https://doi.org/10.1103/PhysRevB.59.8467
https://doi.org/10.1103/PhysRevB.82.144106
https://doi.org/10.1103/PhysRevB.82.144106
https://doi.org/10.1103/PhysRevB.90.064111
https://doi.org/10.1016/j.matpr.2016.09.013
https://doi.org/10.1016/j.matpr.2016.09.013
https://doi.org/10.1002/aelm.202000728
https://doi.org/10.1063/1.325277
https://doi.org/10.1063/1.325277
https://doi.org/10.1063/1.325277
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.100.136406
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02596/suppl_file/cm4c02596_si_001.pdf
https://doi.org/10.1016/j.optmat.2024.115693
https://doi.org/10.1016/j.optmat.2024.115693
https://doi.org/10.1016/j.optmat.2024.115693
https://doi.org/10.1016/j.mser.2010.12.001
https://doi.org/10.1016/j.mser.2010.12.001
https://doi.org/10.1021/nl401066e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl401066e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2749728
https://doi.org/10.1063/1.2749728
https://doi.org/10.1038/s41699-021-00226-z
https://doi.org/10.1038/s41699-021-00226-z
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

