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SUPPLEMENTARY METHODS

Electronic polarizability from linear response theory

The Kohn-Sham equations of density functional theory read [1]:
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where Hkg is the Kohn-Sham one-electron Hamiltonian and ¢, is the vth occupied Kohn-
Sham orbital with eigenvalue ¢,. Within linear response and density functional perturbation
theory [2], the response to an external perturbation may be written using the Sternheimer

equation [3, 4]:
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where P, is the projector onto the unoccupied Kohn-Sham orbitals: P, = ;Of ©c) (pe| =
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©v) {pu|, Norb is the number of the occupied Kohn-Sham orbitals, and AVj is the
perturbation to the Kohn-Sham potential. If the perturbation is caused by a macroscopic

electric field E, the perturbation potential AVjg is written as
AVKS =cE-r+ AVH + AV;(C, (3)

where e is the elementary charge, r is the position operator, and AVyx and AV,. are the
perturbations to the Hartree and exchange-correlation potentials, respectively. After solving

Supplementary Equation (2), we can compute the change in electronic density:
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Ap=2 @iD)AG(r) + ce. (4)

v=1

Note that AVis also depends on Ap, so Supplementary Equation (2) has to be solved self-
consistently.

The induced dipole moment of the system under the action of a perturbing field is given
by:

M= —e/rApdr, (5)
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where €2 is the volume of the system. The polarizability tensor « is defined as:
M =oE (6)

Within periodic boundary conditions, the position operator r is ill defined, and we use

the momentum operator p instead, to compute matrix elements:
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where A is the reduced Planck constant and m. is the electron mass. The commutator in
Supplementary Equation (7) is needed when using nonlocal pseudopotentials to obtain the
effective Kohn-Sham potential [5].

We project the polarizability tensor of the whole system onto maximally localized Wannier

functions (MLWFs)[6]:
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where af? is the effective polarizability of the ith Wannier function. The MLWFs, {|w;)},

are obtained by a unitary transformation U of the occupied Kohn-Sham orbitals:
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Using the same unitary matrix, we can also obtain the variation of the MLWFs [7, §]:
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The polarization electron density of the ith MLWF is
Ap; = 2w} (r)Aw;(r) + c.c. (11)

If we substitute p; into p in Supplementary Equation (5) and (6), we obtain af. The

effective polarizability of a molecule or ion is given by:

M
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where we sum over the M effective polarizabilities of the MLWFs belonging to a given
molecule or ion. Note that the effective polarizability of a molecule or ion is not the true
molecular or ionic polarizability, because we only consider the macroscopic field M, not the
local electric field [9]. The total polarizability of the system can be written as the sum of

the effective polarizabilities of molecules and ions in the system:
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Inter- and intra-molecular Raman spectra

Using the effective molecular polarizability defined in Supplementary Equation ( 12), we

can decompose calculated isotropic Raman spectra as [7],
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where the first and second terms give the inter- and intra-molecular Raman spectra, respec-

tively. We can also decompose calculated anisotropic Raman spectra in a similar way.

Convergence of the MD simulations

The convergence of our simulations is shown in Fig. 1. When the simulation length is
more than 0.6 times the total trajectory time, the peak intensities change by less than 10%

and such variation does not affect any of our conclusions.
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FIG. 1. Convergence of calculated Raman peak intensities. The (bi)carbonate peak intensity in

Raman spectra at ambient density and 380 K is shown as a function of the simulation length. The

peak intensities are normalized to the water stretching band.
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