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Supplementary Note 1: Maintaining quasi-static conditions inside the cell

Figure S1(a) displays the fluorescence of the annealed ruby ball as a function of pressure
inside the diamond anvil cell. The R1 and R2 peaks are well separated and fairly symmetric
with increasing pressure, indicating that the sample is in a quasi-hydrostatic environment.
Based upon the shape of the fluorescence response shown here as well as the phonon line-
shapes of hafnia, we estimate that the deviation from a perfect hydrostatic pressure envi-

ronment is on the order of a few percent.
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FIG. S1. Typical ruby fluorescence spectra at se- ’Q
=
lected pressures. Note the clear separation of the ;
=
R1 and R2 peaks and the lack of asymmetry in- i::
dicating that a quasi-hydrostatic environment is .%
=
maintained in the diamond anvil cell. These data =
were taken at room temperature.
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Supplementary Note 2: Analyzing the mode Griineisen parameters
We calculate the mode Griineisen parameters as:
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where B is the bulk modulus, w; is the frequency of a given mode, and %“; is obtained by
extracting the slope from plots of frequency vs. pressure in the relevant pressure range.
We use the DFT calculated bulk modulus of 244.4 GPa to estimate the individual mode
Griineisen parameters. The coefficient of thermal expansion is related to the Griineisen

parameters as:
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where ¢, is the molar heat capacity at constant volume and ~,, is the mean of all individual

«

mode Griineisen parameters.’? A negative Griineisen parameter indicates a soft mode and
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the possibility of negative thermal expansion. However, given that 7,, remains positive, «

will remain positive in this system.

TABLE S1. Calculated mode Griineisen parameters for the Raman-active vibrational features in
the orthorhombic polar phase of HfO2:12%Y. The w;’s were obtained at ambient conditions, and

the dw/0P’s were extracted in the 0 - 6 GPa pressure range from our experimental data.

w; (cm™1)|mode symmetry %—‘;j (em™1/GPa)| v
124.3 Ay 0.72 1.42
155.2 As 0.66 1.04
164.8 Ay 0.80 1.19
218.2 Ay 2.38 2.67
266.5 By 0.51 0.46
318.0 Ag 2.86 2.20
386.5 By 3.15 1.99
418.7 As 1.02 0.59
455.7 Ay 3.32 1.78
495.2 By 2.70 1.33
532.9 By 2.03 0.93
568.8 By 3.33 1.43
653.8 By 4.14 1.55

Supplementary Note 3: Tetragonal phase phonons frequencies under pressure
The tetragonal unit cell contains a total of 6 atoms (i.e., 2f.u.), hence, there are 15 optical

phonon modes having following irreducible representations at the Brillouin zone center:
Pietra =1 A1 @281, 3 E, ®1 A9, @1 By @2 Ey. (3)

The Az, (or I'y) and E, (or I';) modes are infrared active, whereas the A, (or I'f), By, (or
I'7), and E, (or I'Y) modes are Raman active. The By, (or I'; ) hyper-Raman active mode is

silent in typical Raman and infrared experiments. The pressure dependence of these optical
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TABLE S2. Calculated mode Grineisen parameters for the Raman-active vibrational features in
the tetragonal phase of HfO2:12%Y. The w;’s were obtained at 21 GPa, and the dw/JdP’s were

extracted in the 21 - 27 GPa range from our experimental measurements.

w; (cm™!)|mode symmetry %;j (em™'/GPa)| ~;
134.7 E, 0.11 0.20
199.6 Ay -0.66 -0.81
218.1 By 0.43 0.48
349.7 Ay 0.46 0.32
563.5 E, 4.0 1.73
650.2 By, 0.36 0.14
696.7 E, 0.39 0.14

modes, calculated using the density-functional perturbation theory, is shown in Fig. S2. Our
calculations reveal that only the Raman-active A;,) mode softens with increasing pressure.
This mode is shown in magenta. The rate of pressure-induced softening of the A;, mode
drastically increases above 20 GPa suggesting the occurrence of a pressure-driven phase tran-
sition. Indeed, our enthalpy calculations predict that the cubic phase (SPG#225) becomes
enthalpically more favorable compared to the tetragonal phase beyond 30 GPa pressure. All
other Raman-active modes of the tetragonal phase harden with increasing pressure, thus
exhibiting positive mode Griineisen parameters. This is in excellent agreement with our

experimental observations as shown in Table S2.

Supplementary Note 4: Details of our calculations

All first-principles density functional theory (DFT) calculations were performed using the
Vienna Ab initio Simulation Package (VASP)?™® within the projector-augmented wave frame-
work®. The generalized-gradient approximation as parameterized by Perdew, Burke, and
Ernzerhof for solids (PBEsol) was employed to calculate the exchange-correlation func-
tional”. The total energy convergence and residual force convergence criteria were set to
1077 eV and 1072 eV/ A, respectively. For numerical sampling of the reciprocal space, we

used a Monkhorst-Pack k-mesh® of size 12x12x8 for tetragonal phase and 8x8x8 for the
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orthorhombic polar phase. The cutoff energies for the plane-wave basis set was set at 600
eV. DFT optimized lattice parameters at 0 GPa are a = b = 3.548, ¢ = 5.102 A for the
tetragonal phase (P4/nmc) and a = 5.203, b = 5.002, ¢ = 5.018 A for the orthorhombic
polar phase (Pca2;). Phonon frequencies were calculated using the density-functional per-
turbation theory. The Bilbao Crystallographic Server? and PHONOPY package!® were utilized
to determine the symmetry of the phonon eigenvectors. MECHELASTIC package was utilized

to calculate the elastic properties and bulk modulus.

Supplementary Note 5: Crystal growth details

The HfO5:12%Y single crystal used in this study was grown utilizing a laser floating zone
technique.'? High-purity powder of Y503 (900°C overnight baked) and HfO, in molar ratio
Y:Hf = 0.12:0.88 were mixed and sintered at 1600°C for 20 hours with one intermediate
grinding. The product was shaped into a rod and sintered at 1600°C again. The growth
was performed in air flow and a rate of 5 mm per hour. Then the laser power was reduced
to slightly below the melting point and scanned through the crystal rod at a fast rate of
300 mm per hour to stabilize the meta-stable polar orthorhombic phase. The phase purity
and Pca2, crystal structure of the final product were confirmed using x-ray diffraction and

transmission electron diffraction.'? Ferroelectricity was examined by a polarization versus
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electric field hysteresis measurement performed in a Radiant ferroelectric test system.!?
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