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1Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

2Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
3Department of Electrical Engineering, Princeton University, Princeton, New Jersey 08544, USA
4Accelerator Technology and Applied Physics Division, Lawrence Berkeley National Laboratory,

Berkeley, California 94720, USA

(Received 5 September 2024; accepted 30 October 2024; published 27 November 2024)

While there is much indirect evidence for the existence of dark matter (DM), to date it has evaded
detection. Current efforts focus on DM masses over ∼GeV—to push the sensitivity of DM searches to
lower masses, new DM targets and detection schemes are needed. In this work, we focus on the latter—a
novel detection scheme recently proposed to detect 10–100 meV phonons in polar target materials.
Previous work showed that well-motivated models of DM can interact with polar semiconductors to
produce an athermal population of phonons. This new sensing scheme proposes that these phonons then
facilitate quantum evaporation of 3He from a van der Waals film deposited on the target material. However,
a fundamental understanding of the underlying process is still unclear, with several uncertainties related to
the precise rate of evaporation and how it can be controlled. In this work, we use ab initio density functional
theory calculations to compare the adsorption energies of helium atoms on a polar target material, sodium
iodide, to understand the underlying evaporation physics. We explore the role of surface termination,
monolayer coverage, and elemental species on the rate of He evaporation from the target material. Using
this, we discuss the optimal target features for He-evaporation experiments and their range of tunability
through chemical and physical modifications such as applied field and surface termination.

DOI: 10.1103/PhysRevD.110.095036

I. INTRODUCTION

As the direct detection of dark matter pushes into the
sub-GeV range, new ideas that extend the sensitivity of
detection schemes are needed [1]. One such approach is the
creation and subsequent detection of athermal quasiparticle
excitations such as phonons through their interactions with
dark matter [2–5]. However, the detection of such low-
energy rare events remains challenging and is typically
addressed by state-of-the-art sensors, kinetic-inductance
detectors [6], metallic magnetic calorimeters [7], and
transition-edge sensors [8,9]. These detection schemes rely
on the transport of the quasiparticle to the sensor and its
efficient transport across the interface into the sensor,
significantly reducing their efficiencies [10].
Recent work, proposed to instead use quantum evapo-

ration of He atoms from semiconductor targets as a single

phonon detection scheme [11]. In this approach, athermal
phonons cause the evaporation of 3-He from a van der
Waals bonded layer on the target’s surface. These evapo-
rated He are then detected by the interaction of the nuclear
spin and the spin state in a entangled pair of electron spin
qubits. Because of this, this sensing scheme has potential
sensitivity down to the single phonon regime, making it
competitive with other phonon-based sensing schemes for
low-mass dark matter (DM) detection. While this complex
sensing scheme is highly sensitive, other methods involv-
ing calorimetric detection [12] or field ionization [13] have
also been proposed. Similar arguments also apply for
studies of coherent elastic neutrino nucleus scattering,
where detectors with sensitivity to (single) athermal pho-
nons can extend reach toward tests of proposed beyond
standard model neutrino physics [14], as well as applica-
tions in nuclear reactor monitoring and safeguards [15–17].
However, at these energy scales the details of the surface

energetics become relevant including the surface termina-
tion,morphology, and overlayer coverage.Moreover, having
a route to selectively control the adsorption of He ions
through materials selection and design would allow for a
greater range of tunability for single phonon detection. In this
work we perform a systematic study of He adsorption on a
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polar semiconductor, sodium iodide (NaI), which has pre-
viously been used in other dark matter experiments [18,19].
Other polar semiconductors have been proposed as prom-
ising low-mass DM detector targets for phonon production
[4]. We consider the interaction of He on various crystallo-
graphic terminations of NaI and uncover underlying mech-
anisms of He evaporation. Using ab initio DFT calculations
we examine the effect of surface termination, monolayer
coverage, and external electric fields on He adsorption
from NaI.

II. METHODS

Our first-principles calculations are based on density
functional theory (DFT) as implemented in the quantum
ESPRESSO code [20] employing a plane-wave basis set and
projector augmented wave pseudopotentials to represent
the interaction between ionic cores and valence electrons.
We adopt the exchange-correlation energy functional of
Perdew-Burke-Ernzerhof within a generalized gradient
approximation, and occupation numbers of electronic states
have been smeared with Fermi-Dirac distribution and a
smearing width (kBT) of 0.04 eV. Additionally, van der
Waals interactions using the Grimme scheme have been
included to account for dispersive interactions. A kinetic
energy cutoff of 65 Ry on the plane-wave basis is used for

the Kohn-Sham wave functions, and a cutoff of 520 Ry is
used for the charge density. All structures are optimized
through the minimization of energy until the Hellmann-
Feynman forces on each atom are smaller than 0.03 eV=Å
in magnitude. A supercell approach is used to model the
various surface terminations of NaI by introducing a
vacuum layer of 20 Å thickness parallel to the slab
separating adjacent periodic images. Each supercell con-
tains a slab of five atomic planes, with each plane of the
surfaces containing 2 × 2 NaI units. The surfaces studied in
this work are shown in Fig. 1, with their respective surface
energies also shown. Brillouin-zone integrations were
sampled on a uniform grid of 6 × 6 × 1 k points.

III. RESULTS

Sodium iodide adopts the rock salt structure (space
group Fm3̄m), with sodium and iodine forming two
interpenetrating face-centered cubic lattices. From x-ray
diffraction measurements, the three most thermodynami-
cally stable crystallographic facets, (100), (110), and (111),
were chosen for this work. Each layer of the (100) and
(110) surfaces comprises an equal number of Na and I
atoms and thus they are nonpolar. The (111) surface has an
inherent electric field as it consists of alternating layers of
Na and I atoms. Both Na and I terminations of the (111)
surface were studied.
To assess the stability of the various surfaces of NaI, we

calculated the surface energy (SE) with respect to the bulk
NaI using

SE ¼ Esurface − Ebulk � n
2 � SA ; ð1Þ

where n is the number of repeating units and SA is the
surface area. For the (100), (110), and (111) surfaces
calculated SEs are 8.03, 14.20, and 59.30 meV=Å2,
respectively. To account for the intrinsic polarity in the
(111) surface of NaI, SE was also computed with dipole
correction (59.8 meV=Å2) and the difference was found to
be negligible when compared to the SE without dipole
correction.

A. Adsorption of He on NaI surfaces

We considered the adsorption of He atoms on all
inequivalent surface sites of NaI, namely, the Na site, I
site, and bridge site. Note that the bridge site in the (100)
and (110) surfaces is Na–I bond but for the (111) surface,
Na–Na and I–I bonds serve as the bridge site for the Na and
I terminated surfaces, respectively. For the dilute He limit,
i.e., one He atom per supercell, the adsorption energy
(ΔEads) was calculated using

ΔEads ¼ ENaI;sþHe − ðENaI;s þ μHeÞ; ð2Þ

FIG. 1. (a) Three surface terminations of NaI considered for this
study: (100), (110), and (111) where both the Na and I terminated
(111) surfaces were calculated. The resulting surface energy of
each termination is given with (100) being the most stable. The
shaded region indicates those atoms that were fixed during cell
optimizations. (b) Schematic illustrating the effect of external
electric field (E) on the deformation of the electron density
(green) and the strength of van der Waals forces (red).
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where ENaI;sþHe, ENaI;s, μHe are the energies of NaI surface-
He complex, optimized NaI surface, and the isolated He
atom, respectively. A negative value of ΔEads denotes
attractive interaction of He with the surface.
We first investigated the adsorption energy of He in the

dilute limit for different surface terminations and adsorp-
tion sites. For all surface terminations we find that He
exhibits a stronger adhesion to the Na site over I or the
bridge site [see Fig. 2(a)]. He shows very weak binding
(∼ − 10 meV) to the I site of all surfaces. Of the four
surfaces, He showcases stronger binding to the Na site of
the (100) and (110) surfaces and weaker adhesion to the Na
site of the (111) surface. However, no such trend can be
seen for ΔEads on bridge site since the adsorption sites
differ here in the chemical environment depending on the
surface morphology. We find a relatively stronger binding
on the bridge site of the (110) surface, however, on (111):
Na term surface, He exhibits a repulsive interaction. For the
(100) and (111):I terminated surfaces, He shows relatively
weaker binding (∼ − 10 meV) at the bridge site.
We next calculated the potential energy surfaces (PESs)

of He interacting with the four surfaces studied here

(Fig. 3). The site-dependent energy of adsorption was
calculated as a function of (x, y), keeping the z coordinate
fixed, where x and y are coordinates of position of the He
atom. We fitted the adsorption energy to a two-dimensional
Fourier series to generate the functional form of the PESs.
The dataset comprises 25, 20, and 30 adsorption sites for
the (100), (110), and (111) surfaces, respectively. These
PESs provide the landscape available to He on different NaI
surfaces. We found Na and I sites to be the local minima
and local maxima, respectively, regardless of the surface
termination.

B. Effect of He coverage

While He showed the strongest adhesion to the Na site in
the dilute limit—regardless of surface termination—we
next investigate the influence of surface coverage on the
resulting adsorption energies for different terminations. Our
results are summarized in Fig. 2(b). We find similar trends
for the (100) and (110) surface terminations, namely, the
adsorption energy increases from the single atom dilute
limit (∼ − 35 meV) to a steady value of (from ∼ − 20 to
−25 meV) over 25% coverage owing to screening from the
extra adsorbates. In contrast, we see that the adsorption
energy steadily decreases for the (111) I terminated surface.
However, for the (111) Na terminated surface, the adsorp-
tion energy remains steady at 5 meV up to 37.5% where it
gradually increases up to 12 meV. We see a similar effect
for bilayer coverage where the adsorption energy difference
becomes independent of coverage beyond the dilute limit
[Fig. 4(a)].

C. Applied electric fields

Since the interaction between He and the semiconductor
surfaces is governed by fluctuating dipoles that comprise
van der Waals interactions, we next explored the use of
applied electric fields for controlling He adsorption. Our
results are summarized in Fig. 2(c). For each configuration
considered (surface termination and adsorption site), an
electric field was applied in direction parallel to the surface

FIG. 2. Calculated adsorption energy of He for the (100), (110), and (111) surface terminations with varying (a) inequivalent
adsorption sites Na, I, and bridge, (b) surface coverage of monolayer He, and (c) applied electric field.

FIG. 3. Calculated potential energy surfaces for single He
adsorption on various surface terminations of NaI as indicated:
(a) (100), (b) (110), (c) (111) with I termination, (d) (111) with Na
termination.
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normal (that is, in the out-of-plane direction in Fig. 1).
We find the strongest influence of applied electric field on
the (100) surface with the adsorption energy going from 60
to −5 meV for I sites and from 34 to −38 meV for Na sites
with an applied field going from −10 to þ10 mV=Å. We
find a much smaller change for the other terminations, with
both the ð111Þ∶Na terminated and (110) surfaces having a
slight field dependence of the adsorption energy, whereas
the ð111Þ∶I terminated remains constant for both adsorp-
tion sites. We also investigated the electric field dependence
of the adsorption energies for full monolayer surface
coverage, finding similar trends to the dilute He case.
We find that the adsorption energy changes from −12 to
−29 meV for (100), whereas it remains essentially constant
for the (110) termination [Fig. 4(b)].

IV. DISCUSSION

Our first-principles calculations find that several
material factors influence the adsorption energy of He
on polar semiconductors and will ultimately govern the
efficiency of quantum evaporation from these systems.
First, we find that surface termination can result in the

adsorption energy varying both in the nature (sign) of the
interaction and its strength. We find here for the case of
NaI that the adsorption energies in the dilute limit range
between −35 and þ20 meV, depending on surface ter-
mination. We next examined how He coverage influences
the adsorption, seeing a screening effect to come into play
for larger coverage. Finally, we examine how applied
electric fields can change the adsorption energies, finding
them to range between −60 and 52 meV for an applied
field from −10 toþ10 mV=Å. This suggests that applying
electric fields on the appropriately selected surfaces could
provide a route to tunability of the quantum evaporation
from He surfaces.
The observed trends of the adsorption energies can be

understood as follows. The generally strong binding to Na
sites is a result of the attractive interaction between the
positively charged Naþ ions and the deformable electron
cloud of the He atoms. As He electron density is shifted
away from the surface by the applied field, van der Waals
forces between He electrons and the surface are weakened,
leading to decreased adsorption. Reversing the direction of
the field shifts the He electron cloud toward the surface,
increasing adsorption [Fig. 1(b)]. However, it is easier to
shift electrons away from the surface rather than shifting
them to the surface because Coulombic repulsion from bulk
NaI electrons limits the deformation of the electron density
toward the surface, explaining the asymmetry of the electric
field dependence of the adsorption energies in Fig. 2. These
effects are the strongest on the (100) surface, especially
when He electron density is shifted away from the surface.
This is because the next-neighbor binding sites are weakly
binding on the (100) surface as they are iodine sites,
contributing little to binding to He. In contrast, the next-
neighbor Na sites of the (110) and (111) surfaces contribute
to binding even as He electrons are shifted away from the
surface, leading to less dependence of adsorption on the
applied electric fields.
Surface roughness and variations in morphology are

expected to modify adsorption energies from the theoretical
values computed here. For instance, an unequal distribution
of He across the surface or the presence of surface defects
may affect the electronic screening of the local environ-
ment, leading to a distribution of adsorption energies on
actual surfaces. Nevertheless, our results suggest that the
electric field tunability of adsorption energies is likely to be
a robust feature of the (100) surface, having shown
significant electric field dependence at the dilute and
monolayer coverage limits. As the reason for this tunability
arises from the bulk/vacuum asymmetry and the geometry
of the (100) surface, we expect that it can only be affected
by severe disruptions in the rock salt crystal structure at the
surface. On actual surfaces with a distribution of He sites
with different adsorption energies, electric fields can be
applied to select only a subset of He sites to have adsorption
energies in the few meV range suitable for phonon sensing.

FIG. 4. (a) Calculated adsorption energy of He for increasing
second-layer coverage for (100), (110) and (111) surface termi-
nations. (b) Calculated adsorption energy of He for monolayer
coverage as a function of applied electric field, for the (100) and
(110) surface terminations.
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In future work, electrical field tuning of the binding
energies of other weakly bound adsorbates and polar crystal
surfaces will be explored [13,21]. These can extend the
available tuning range of surface binding energies for
differential measurements of quantum evaporation with a
series of phonon energy cutoffs and hence a range of dark
matter candidates and neutral current neutrino scattering
conditions. The relative likelihood of acoustic and optical
phonons being generated by dark matter and their coupling
to helium atoms on the surface is another consideration that
requires further investigation.
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