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We introduce a combined density functional theory and nonequilibrium Green’s function framework to

compute the capacitance of nanocapacitors and directly extract the dielectric response of a subnanometer

dielectric under bias. We identify that at the nanoscale conventional capacitance evaluations based on

stored charge per unit voltage suffer from an ill-posed partitioning of electrode and dielectric charge. This

partitioning directly impacts the geometric definition of capacitance through the capacitor width, which in

turn makes the evaluation of dielectric response uncertain. This ambiguous separation further induces

spurious interfacial polarizability when analyzed via maximally localized Wannier functions. Focusing on

crystalline ice, we develop a robust charge-separation protocol that yields unique capacitance-derived

polarizability and dielectric constants, unequivocally demonstrating that confinement alters neither ice’s

intrinsic electronic response nor its insensitivity to proton order. Our results lay the groundwork for

rigorous interpretation of capacitor measurements in low-dimensional dielectric materials.

DOI: 10.1103/8sjg-ybfw

The dielectric response of nanoconfined water has been
the subject of a large number of recent studies [1-9]. These
works were mainly motivated by experimental results
measuring the out-of-plane dielectric constant of water
between graphene and boron nitride (BN) capacitor plates
[10]. This Letter concluded that the dielectric constant of
water thin films decreases with thickness from its bulk
value of ¢ = 80 to a strikingly small ¢ = 2.1 for films less
than 15 A in width. Subsequent computational works have
tried to understand why the polarization response of water
to an external electric field in the nanoconfinement or
subnanoconfinement range is so small. All of these studies
relied on the determination of the dielectric constant
through changes in the polarization of the thin film under
an applied external field [5,11] or simulations under a
constant electric displacement [2,8]. Different explanations
have been proposed, ranging from the structural properties
of the confined films [2] to the cancellation of anisotropic
long-range dipole correlations near the confined film
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surfaces [12]. Very recently, however, Zubeltzu et al. [11]
highlighted that all of these works rely on making pre-
dictions that depend on ill-defined properties when taken to
the subnanoscale. At the macroscopic level, determining
the dielectric constant of the material filling a capacitor is
straightforward: one measures the stored charge Q on two
capacitor plates of area A separated by a well-defined width
wy when an external bias V is applied and uses

e =S _ 9V
L CO EOA/WO'

(1)
Here, C and C, are the capacitances of the full and empty
capacitor, g is the permittivity of free space, wy, is the plate
separation, and Q lives entirely on the metallic surfaces.
However, when we shrink the device to the nanometer or
subnanometer scale, w, and Q, the two key ingredients of
that simple macroscopic picture, become ill defined. Here,
different definitions of w, can vary by several angstrom
leading to a 20% (or larger for a subnanometer capacitor)
uncertainty in Cy = gyA/w, even before any dielectric is
added [see Supplemental Material (SM) [13] ]. In addition,
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the metal electron density spills out into the first molecular
layers of the dielectric, and the polarization charge of the
dielectric overlaps spatially with the metal’s induced charge.
Any attempt to split the total electron-density change into
electrode charge and dielectric charge becomes ambiguous.
Because of these two intertwined ambiguities—effective
separation and charge partition—applying Eq. (1) to sub-
nanometer capacitors can produce spurious results.

In this context, Zubeltzu et al. [11] following what was
done for 2D materials [17] proposed that the true measure
of dielectric response for a nanometer-thick film is the two-
dimensional polarizability,

o _692])
1 = GDL ’

(2)

where &, is the dipole moment per unit area and D | is
the applied displacement field. One can relate @, to an
intrinsic &, of the film via

but here w—the true thickness of the dielectric film—must
itself be consistently defined at the atomic scale.

All of the above motivates a fully first-principles
approach in which (i) the metal electrodes’ electronic
degrees of freedom are treated explicitly, (ii) the metal
slabs can sustain different chemical potentials under bias,
and (iii) no a priori film thickness or charge partition is
assumed. While a subset of these components has been
incorporated in some simulation frameworks [18-20], only
recently it was shown that such computational construction
can be realized with a combination of nonequilibrium
Green’s functions (NEGFs) to describe the open system
and density functional theory to characterize the
Hamiltonian of the device [21-24]. In this Letter, we show
that using this methodology it is possible to accurately
obtain the electronic response of a nanoconfined dielectric
to an applied external bias, hence directly reproducing
experimental measurements. This framework allows us to
compute, under two different applied biases, AV, the
spatially resolved electron-density change Ap(r) through-
out both electrodes and dielectric. From Ap(r) one can
identify the exact centroids of induced charge on each
electrode—thus unambiguously defining the plate separa-
tion, and isolate the polarization charge inside the dielectric
by comparing with a stand-alone slab reference. In doing
S0, we remove any ambiguity in applying Eq. (1) or (3) at
the ~A scale. While the methodology is general and can be
applied to any type of dielectric system, we focus in this
Letter on understanding the purely electronic or optical
response &, of hexagonal ice /4 and XI [25,26]. Note that
throughout this Letter we use &, to refer to £, ,,. We will
show that, for the electronic response, ice already reflects
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FIG. 1. Tllustrations of the (a),(c) ice /h-Au[111] capacitor and
(b),(d) ice XI-Au[111] capacitor. (a),(b) Side views and (c),(d) top
views. The left and right electrodes (LE and RE, respectively) and
the scattering region (SR) are shown.

most of the physics that should already be present in
nanoconfined water capacitors, but makes the overall
analysis more simple.

The simulated plate capacitors consisted of two semi-
infinite Au slabs grown along the [111] direction acting as
electrodes, and an ice slab [26,27] in between, with its ¢ axis
perpendicular to the Au electrode surfaces, as illustrated in
Fig. 1. As described in [21,22], the system is split into three
regions [28], namely, two semi-infinite electrodes, capable of
sustaining a different chemical potential if a bias is applied,
and a scattering region (SR), which consists of the ice slab and
three layers of Au on either side. We consider two different
proton order configurations for the ice slab. (i) A proton
ordered structure with four molecules per unit cell with a net
dipole moment along the c¢ axis, that we coin ice X/ as in [27].
The ice X1 slab consists of 2 x 2 x 5 repetitions of this unit.
(i1) A zero-dipole moment structure, twice the size of the ice
XTI unit cell along the two in-plane directions, with also 5 unit
repetitions along the ¢ direction. We refer to this structure as
the ice Ih slab, since it mimics the net zero dipole of proton
disordered systems. Both structures are illustrated in Fig. 1.
These ice slabs can be described as a stack of ten identical ice
bilayers. All calculations were done using the SIESTA [29,30]
code which incorporates the TRANSIESTA [24] method for
NEGEF calculations. We evaluate how the presented results
depend on structural relaxations with and without bias in
SM [13]. Additional computational details are also provided
in SM [13].

For an empty Au-plate capacitor, we compute capaci-
tance by applying a small bias difference AV and integrat-
ing the induced charge in each electrode:

Zout AQO
MOy = [ Bpav()dz, Co=220 @
Qo /z pav(2)dz 0= AV (4)

in

Here the integration limits zj,, z,, are chosen where
Apay(z) vanishes in the bulk electrode (z;,) and inside
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the gap region (z,,,). The corresponding plate separation wy,
is taken as the distance between the two centroids of
Apay(z). When ice fills the gap, the total induced charge
includes both electrode-surface charge and polarization
charge in the ice. To isolate the electrode contribution, we
first determine the uniform displacement field change AD |
using a half-full capacitor by fitting the slope of the Hartree
potential in the vacuum region, see SM [13]. We then apply
that same AD, to an isolated ice slab to compute its
polarization charge Apj®(z). Subtracting Apii®(z) from
the half-full capacitor Ap,y(z) leaves only the electrode-
induced charge. This procedure assumes linearity under
bias, which is demonstrated in SM [13]. It is important to
note that when doing this, we assume that the polarization
charge is unchanged by the presence of the metal, which is
true for our ice systems, as we will show. Integrating this
difference yields the true electrode charge difference AQ.
Comparing the induced charge AQ of the full capacitor
with that of the empty capacitor AQ, fixes &, the effective
dielectric response of the Au—ice—Au stack via

geff _ Cw _ AQw (s)
+ Cowo AQOWO’

where w is defined from the charge-centroid separation of
the electrode-induced charges. As we will show later,
wy and w do not necessarily need to be the same and in
general they are not, even if the interplate distance is kept
constant.

To isolate the ice slab’s intrinsic 2D polarizability, we
use the relation [11]

a; = (w—wp) +gA(Cy' = C). (6)

o has units of length, and it is an extensive quantity, i.e.,
depends on the thickness of the measured material.

With the equations above we can compute ; and &
using capacitance calculations from our biased Au elec-
trode-ice devices. As our dielectric film is crystalline, it is
also possible to exactly compute its intrinsic dielectric
response ¢, using Eq. (3), because here w;=c, the
lattice parameter of the system along the normal direction.

We can also compute a spatially resolved ¢ (z) directly
from the electron density using the polarization analog to
Gauss’s law.

VAP = —Ap(r), (7)
where P is the 3D polarization vector. Given the symmetry

of the parallel capacitor geometry, we can simplify this to
the following form:

AP(2) = —% / “Ap(2)dZ, 8)

which can then be used to calculate the out-of-plane
dielectric constant as

AP(Z))_I' )

e (z) = (1 ~=D

The constant z; is determined such that £, diverges in the
electrode. p is the running average of the electronic density
over ¢,. This continuous ¢, (z) mixes the dielectric con-
stants from the metal and the ice at the interface when using
Apay(z). Using the charge partition scheme previously
presented it is possible to separate it into electrode and
dielectric components.

We can alternatively calculate the local dipole moments
of individual molecules using Wannier functions [31],
which in principle allow us to decouple the dielectric
and metal electronic degrees of freedom. Then one can use
the Wannier charge centers (WCCs) to compute %, for
each bilayer (BL), and this can be used to compute a; as

Y
L AD

(10)

These can then be used to compute a layer-resolved ¢
using Eq. (3).

The computed values of the optical dielectric constant
for the half-full ice Ih-Au capacitor using the electronic
density and WCCs methods are shown in Fig. 2. We also

£, per bilayer from WCCs

(a)

(b)

(c)
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FIG. 2. Optical dielectric constant ¢, in (a) half-full capacitor
and (b) stand-alone slab geometries calculated using two meth-
ods. (a),(b) The Wannier charge center (WCC) method described
by Egs. (3) and (10). (c) The electron-density method described
by Egs. (7)-(9). Surface Au electrode planes are at z =0 and
z =140 A. In both cases finite differences are computed with
AV =1V.
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computed the optical dielectric constant using WCCs for an
identical ice Ih slab placed in vacuum under an applied
displacement field identical to that of the capacitor simu-
lation. Results for this ice-only slab calculation are also
presented in Fig. 2. In the bulk ice region, all of these
methods predict €, ~ 1.8, closely matching the known
optical dielectric constant of ice and water [32,33]. This is
expected, given that the electronic molecular polarizabil-
ities of ice and water are almost identical [34]. This is also
the reason why the computed optical dielectric constant is
independent of the structural relaxation of the system under
bias, as shown in SM [13].

The WCC results for the half-full capacitor shown in
Fig. 2 are surprising near the metal-ice interface. They
suggest that ¢, < 1 (a; < 0) near the interface, indicating
an antiscreening response. This is at odds with the results
for the ice slab, which only see a slight decrease in the
optical dielectric constant at the interfaces. This discrep-
ancy quickly dissipates away from the interface, with
results being insensitive to the method by the third bilayer
from the metal interface. According to these results, ice has
a nonhomogeneous layer-by-layer polarizability when in
contact with a metal. If this was the case, subtracting Ap(z)
for the stand-alone ice slab from Ap(z) for the half-full
capacitor would result in large density oscillations near the
metal water interface. This is because the amplitude of the
density oscillations corresponds to the difference in the
dielectric response. Note that the stand-alone ice slab,
which is polarized with the same displacement field as the
ice slab within the capacitor, results in a uniform layer-by
layer polarization. Results for this subtraction are plotted in
Fig. 3. The remaining charge density difference, while not
exempt of small perturbations, closely resembles the
characteristics of Ap(z) for the empty capacitor, which
is also plotted in the Fig. 3. If the optical dielectric response
near the metallic interface were much different from that of
the slab, as suggested by the WCC results, we would expect
to see large oscillations in the dielectric region. However, in
this case the oscillations are virtually nonexistent, showing
that the dielectric response of the ice within the capacitor is
virtually the same as the stand-alone ice slab. This confirms
our initial assumption that the polarization charge is not
affected by the presence of the metal. The most noticeable
change is that the electrode charge in contact with ice seems
to penetrate deeper into the dielectric region than in the
empty capacitor. These two charge densities can be used to
compute w — wy = —0.48 A, which is shown in Fig. 3. As
mentioned earlier, atomic relaxations do not modify the
value of the optical dielectric constant of ice. However, they
increase the electronic charge overlap at the ice-Au inter-
face, worsening the error in the surface layer polarizabil-
ities computed using the WCCs. A detailed analysis of this
is presented in SM [13].

Additional care needs to be taken when computing £, in
the ice X1 slab. This is because this system is metallic at the
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FIG. 3. Illustrations of (a) the empty capacitor and (b) the half-
full capacitor geometries. (c) Electrode charge density difference
for the empty capacitor (solid blue line) and the half-full capacitor
(solid red line) geometries. The total charge density difference for
the half-full capacitor geometry is also shown (dotted red line).
Surface Au electrode planes are at z =0 and z = 40 A. The
vertical dashed lines give the boundaries of the dielectric region,
and the capacitor widths, w and wy), for each system are labeled.

sizes we consider in this Letter (5 and 10 bilayers).
This stems from inadequate screening of the ferroelectric
at the ice/vacuum interface, which causes an electronic
reconstruction known as the “polar catastrophe” [35].
Nonetheless, we can still compute AD, for the full
capacitors (see SM [13]). Results are shown in Fig. 4.
We find that £, within the bulk region is virtually the same
for the two different proton ordered ices (¢ | =~ 1.8). We also
see a similar suppression of the dielectric constant calcu-
lated using WCCs near the interfaces, although there seems
to be a dependence on the water molecule orientation
relative to the metal surface. A more detailed analysis of the
errors in the WCCs and their dependence on the molecular
orientation relative to the metal surface can be found
in SM [13]. We find that w —wy, = —0.91 A for the full
ice Ih capacitor. Using Eq. (6), we can compute the 2D
polarizability with and without this width correction. We
can then compute the effective dielectric constant and the
optical dielectric constant of ice using Eq. (3). These results
are shown in Table I along with similar calculations for the
stand-alone ice slab. The slab results are in noticeably better
agreement with the w # w, result, demonstrating the
importance of calculating a physically meaningful width.
Indeed, here the error due to using the incorrect width is
only 5% for a 10 bilayer slab of net width ~36 A. However
for a slab of net width ~1 nm the error would increase
to 20%.
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FIG. 4. Optical dielectric constant &, in full (a) ice Ih and
(b) ice XI capacitor geometries calculated using two methods. (a),
(b) The WCC method described by Eqs. (3) and (10). (c) The
electron density method described by Eqs. (7)—(9). Surface Au
electrode planes are at z =0 and z = 40 A. In both cases finite
differences are computed with AV = 1V.

Our results show that nanoconfinement has a negligible
effect on ¢, of ice, regardless of proton order. This is true
for both a stand-alone ice slab and an ice capacitor with Au
electrodes. Therefore, neither the nature of the electrodes
nor confinement affect the measured electronic dielectric
response. According to Fumagalli et al. [10], this behavior
is expected and underlines the anomalously low value of
& = 2.1 measured for the electrically dead layer of a water
dielectric thin film near the capacitor interface. However,
recent studies [11,19] have suggested that there is a
noticeably different behavior at this interface, whether it
be a smaller [11] or larger [19] electronic response.
Zubeltzu et al. [11] predict e, = 1.24 for a stand-alone
subnanometer thin film of water. This result leads us to
conclude that the reduction of the total dielectric constant
seen in the work of Fumagalli ef al. [10] can be mostly

TABLE 1.  Calculations of the 2D polarizability (« ), effective
optical dielectric constant (¢5), and intrinsic optical dielectric
constant of ice I/ (e ) for the full ice capacitor with w = w, and
w # wy, and the stand-alone ice slab.

ay(A) e [Eq. (5)] e, [Eq. 3)]
Au-Ice (w =wp) 16.8 [Eq. (6)] 1.80 1.87
Au-Ice (w #wy) 15.9 [Eq. (6)] 1.76 1.78
Ice slab

15.7 [Eq. (10)] 1.77

Experiment [32] 1.7-1.8

explained by the reduction in the electronic response. Zhu
et al. [19] use similar methods to the ones we use in this
Letter, but come to a different conclusion. They assume that
the electrode’s charge spilling is unchanged by the presence
of a dielectric, i.e., w =w,, and instead attribute the
moderate rise (< 25%) in the optical dielectric constant
near the metal/water interface, calculated using the electron
density, to the interfacial water molecules. This assignment
uses the WCCs of the interfacial water molecules, which
are found to be more diffuse and polarizable than their
counterparts in the bulk region. Conversely, here we have
found that the WCCs are unreliable near the interface if
computed from a calculation where the electrode is not
decoupled. This effect is exacerbated by the change in the
capacitor geometry (w # wy) when a dielectric is inserted.

Those last two points are important to emphasize. First,
we find that the WCCs are not able to adequately partition
the charge between the electrode and the dielectric, leading
to specious results near the interface. This is not surprising
in situations like this where a very small amount of charge
transfer [21,22] between the ice film and the metal takes
place. This adds an extra level of care that needs to be taken
in these interfacial calculations because not only is the
width ill defined, but the 2D polarizability can also be ill
defined if it relies on the computation of Wannier charge
centers. Our results show that this effect extends up to the
third bilayer from the interface (~10 A), which is larger
than the dead layer thickness of 7.5 A reported exper-
imentally [10]. Second, we find that the electrode charge
spills out further in the presence of a dielectric (i.e.,
w < wg). This has significant implications on Eq. (6),
which was originally derived as a way to calculate the
2D polarizability using only experimentally measurable
quantities such as the capacitance [11]. The difference w —
wq was intended to be the change in the distance between
the atomic planes of the electrodes. However, in our case
this distance is fixed, yet we still see w # wy. This means
that Eq. (6) depends on an ill-defined width, and is no
longer easy to measure experimentally.

This Letter offers a transferable strategy for interpreting
experimental capacitance data in low-dimensional dielec-
trics, where the standard macroscopic relation [Eq. (1)]
becomes only an approximate description. In this regime,
we show that differential-capacitance analyses must explic-
itly include electrode-induced charge smoothing via
Eq. (5). Beyond ice, this methodology can be directly
applied to other 2D or nanoconfined materials—organic,
hybrid, or oxide dielectrics—providing a rigorous route to
their high-frequency dielectric characterization under real-
istic bias. Future extensions to include ionic contributions
will further bridge toward understanding the full dielectric
response in nanoscale capacitors.
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