Electric polarisation switching in an atomically-thin binary rock salt structure
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Inducing and controlling electric dipoles is hindered in the ultrathin limit by the finite
screening length of surface charges at metal-insulator junctions [1-3], though this effect
can be circumvented by specially designed interfaces [4]. Heterostructures of insulating
materials hold great promise, as confirmed by perovskite oxide superlattices with
compositional substitution used to artificially break the structural inversion symmetry
[5,6,7,8]. Bringing this concept to the ultrathin limit would substantially broaden the
range of materials and functionalities that could be exploited in novel nanoscale device
designs. Here, we report that non-zero electric polarisation can be induced and reversed
in a hysteretic manner in bilayers made of ultrathin insulators whose electric
polarisation cannot be switched individually. In particular, we explore the interface
between ionic rock salt alkali halides such as NaCl or KBr and polar insulating CuzN
terminating bulk copper. The strong compositional asymmetry between the polar CuzN
and the vacuum gap breaks inversion symmetry in the alkali halide layer, inducing out
of plane dipoles that are stabilised in one orientation (self-poling). The dipole
orientation can be reversed by a critical electric field, producing sharp switching of the
tunnel current passing through the junction.

Provided that the total thickness of the insulating stack allows electron tunnelling, an ideal tool
to access the electrostatic properties of ultrathin insulating layers is scanning tunnelling
microscopy (STM) in combination with atomic force microscopy (AFM). These techniques have
been applied to investigate the electronic properties of metal oxides [9,10] and nitrides [11,12],
binary rock salts such as NaCl [13], and ultrathin ferroelectrics on graphene [14]. In addition,
the STM setup introduces a device-like geometry where the vacuum gap between tip and
sample avoids the need for a top electrode and breaks sharply the inversion symmetry at the
CuzN-NaCl interface.

As seen in Fig. 1, STM (see Supplementary Methods) can be used to confirm that NaCl forms
atomically thin layers when deposited on CuzN/Cu(001). With atomically resolved STM
imaging and from a comparison to prior STM and density functional theory (DFT) calculations
of NaCl [15] and CuzN/Cu(001) [16], it is possible to determine the binding geometry of NaCl
layers on CuzN/Cu(001). Figure 1b shows that, at large negative bias voltages, bright spots
corresponding to Cl atoms in the NaCl monolayer appear on top of hollow sites of CuzN, while
dark spots corresponding to Na atoms appear on top of N atoms (see illustration in



Supplementary Fig. 1). For the NaCl bilayer, bright spots of the bilayer appear on top of the dark
sites of the monolayer and vice versa, suggesting the regular NaCl stacking order is preserved
in these ultra-thin layers.

Since ultra-thin layers of NaCl are ionic insulators [13] and CuzN on Cu(001) [12] is polar and
insulating, one needs to consider their electrostatic interactions. From DFT calculations (see
Supplementary Methods), the electrostatic potential is found to be positive above both the Cu
and hollow sites and negative above the N sites on CuzN (Supplementary Fig. 2a). Placing the Cl
anions on top of the Hollow site (i.e. surrounded by four Cu atoms) and the Na cations on top of
the N should therefore result in the most energetically favourable configuration. DFT
calculations confirm that this is the minimum energy configuration (Supplementary Table 1
and Supplementary Discussion).

In addition, the DFT calculations suggest that there is negligible electronic rearrangement
between the NaCl and CuzN (Supplementary Fig. 2b). Furthermore, the calculated partial
density of states of Cl p and Na s states show evidence of very weak interaction with the Cu
states, while there is a significant hybridisation of the electronic states for NaCl bilayer on a
bare Cu(001) surface (Supplementary Fig. 3).

As seen in Fig. 1b, the NaCl lattice is pseudomorphic to the CuzN lattice. DFT calculations not
only confirm the epitaxial growth of NaCl over CuzN but the vertical relaxations are consistent
with the breaking of inversion symmetry on the NaCl layer (Fig. 1c), with CuzN on one side of
the NaCl bilayer and vacuum on the other. A combination of the 7% biaxial compressive strain
(Supplementary Fig. 1) and the dipolar atomic arrangement on CuzN/Cu(001), where N atoms
are above Cu atoms, induces a rumpling of the NaCl film. Furthermore, the large asymmetry
arising from the absence of a top electrode produces self-poling of the polarisation [5] in the
NaCl to stabilise one preferred dipole orientation (Fig. 1c). This is in contrast to perovskites
oxides with spontaneous polarisation sandwiched between identical electrodes, where both
polarisations are equally probable.

The role of CuzN in this heterostructure is therefore twofold: it decouples electronically the
NaCl from the Cu electrode, and it breaks the NaCl inversion symmetry. Thus, it is interesting
to explore the impact of large electric fields on the system. Because of the STM configuration,
the moderate voltages applied over sub-nanometre distances correspond to large electric fields
(typically of order 1-10 GV/m). To vary the electric field in a controlled manner and remove
sensitivity to variations in local density of states at different energies, we change the tip height
(Az) starting at a fixed position zo (as determined by the initial setpoint voltage Vse: and current
Iset) and record the tunnel current [ for several applied (sample) bias voltages V. As has been
observed on bare Cu(001) and CuzN/Cu(001) [17], our I(Az) measurements at a fixed bias
follow the expected exponential behaviour for NaCl bilayer on Cu(001) and NaCl monolayer on
CuzN/Cu(001) at both positive bias (electric field pointing from sample to tip) and negative bias
(electric field pointing from tip to sample), and for NaCl bilayer on Cu2N/Cu(001) at negative
bias.

In stark contrast, as seen in Fig. 2a, a sharp step in I(Az) is observed for the NaCl bilayer on
CuzN/Cu(001) at positive bias. Here, two different states can be distinguished: one at larger Az
(lower electric field) and another at smaller Az (higher electric field). The two states are
separated by a sharp change in I that occurs when the tip crosses a critical distance Az.. In
addition, as seen in the inset of Fig. 2a, the change in current near the transition is different
depending on whether Az is increased or decreased (i.e. there is some hysteresis).



For a constant zg, Az: increases linearly as V increases (Fig. 2b), suggesting that this
phenomenon is induced by a critical electric field strength E¢ [18]. Fitting the points to a linear
trend yields Ec¢ of the order of 10 GV/m; this remains relatively constant over a specific NaCl
bilayer on CuzN region, but can vary by up to 50% for different tips and different surface
regions. We estimate that the tip is approximately 3 A above the outer NaCl layer at regular
scanning conditions (Vset=-1.3 V, Isec=50 pA), making it possible to approach the surface without
using high currents that may cause damage, as long as the applied potential difference lies
inside the CuzN gap [17].

This two-state switching behaviour is also observed in a potassium bromide bilayer deposited
on top of CuzN/Cu(001). Although the KBr bilayer on CuzN/Cu(001) heterostructure
(Supplementary Fig. 4) is more complex because of differences in the intralayer vs. interlayer
interactions, as manifested in the observed Moirée pattern in the topographic STM imaging,
I(Az) measurements show similar switching for sufficiently large positive applied bias voltage
and no switching for negative bias. This indicates the observed switching is a general behaviour
in heterostructures composed of a binary rock salt above a polar surface, such as an atomically
thin ionic insulator on a metal.

In a simple 1D model for tunnelling, the decay rate of the tunnelling current is fixed by the
tunnelling barrier height, which in turn is related to the surface dipole moment through the
work function [19]. Hence, we interpret the sharp change in current as arising from a
modification of the positions of the ions of the rock salt bilayer; this is further supported by the
abrupt change in the measured decay length (Fig. 2c-e and Supplementary Fig. 4b) between the
two states, which is consistent with a change in polarisation. The sharp change in current can
thus be understood in terms of tunnelling electroresistance TER [20,21,22], where the
tunnelling barrier is modified when the polarisation in the rock salt layer is abruptly reversed.
Since methods used to characterise polarisation switching, as observed for example in bulk
ferroelectric materials, are difficult to extend down to nanoscale dimensions, STM-based TER
is an ideal method for exploring polarisation switching in atomically thin nanostructures.
Furthermore, as seen in Supplementary Figs. 4 and 5, the relative change in current across the
step stays constant as a function of V, as would be expected for a switching of the decay length
in the barrier between two well-defined values. Similar discontinuities occur for measurements
where z is kept constant while changing V. This further substantiates that the polarisation
reversal is purely driven by the external applied electric field.

Corresponding measurements of the electrostatic forces were performed by means of AFM
(Supplementary Methods). Figure 3a and Supplementary Fig. 4c show the characteristic
parabolic variation expected in Kelvin probe measurements of the shift in the resonance
frequency Af of the oscillating AFM cantilever with voltage [23]. As with the tunnel current, a
transition in Af occurs at a critical bias, observed as a dramatic change in Af at a threshold
voltage that again has a linear relationship with tip height. Since Af is proportional to the
gradient of the force between the tip and the surface [23], the sharp change in Af'is indicative
of a sudden change in the electrostatic force between the rock salt bilayer and the tip, consistent
with a change in the orientation of the rock salt layer polarisation. The linear shift of applied
bias voltage at which the transition occurs versus tip retraction distance is in agreement with
I(Az) measurements, indicating that this is the same observed phenomenon (Fig. 3b). Since the
AFM sensor oscillates over the range of a complete switching cycle (c.f. inset of Fig. 2a), the
hysteresis loop cannot be resolved directly in Af{V) measurements for NaCl because each value
results from the average of multiple cycles at the phase lock loop; in contrast, a clear and large
hysteresis loop is observed for KBr. In both cases, an abrupt increase in the energy dissipated
by the cantilever (Fig. 3c) is a clear indicator of a hysteretic process [24] for which each cycle



contributes additively to the dissipated work when switching between different polarisation
states.

As seen in Fig. 4a, DFT calculations indicate that the heights of the Na and Cl ions in the top NaCl
layer vary significantly in the presence of an electric field; the different Moirée structures of the
KBr/Cu;N/Cu(001) system (Supplementary Fig. 4a) makes performing similar DFT
calculations beyond the scope of this work. In NaCl, the rumpling is reversed for fields larger
than approximately 5 GV/m, with the Na cations shifting to a higher height than the Cl anions.
At a fixed location above the NaCl bilayer, the calculated integrated local density of states
(LDOS), which is proportional to I, also increases significantly for electric fields above 9 GV/m
(Fig. 4b). This supports the interpretation that the sharp jump in I and Af as the electric field is
increased by changing either Az or V arises from dipole reversal in the NaCl layers, resulting in
the modification of tunnelling barrier (Fig. 4c,d) as well as a concomitant change in the tip-
sample electrostatic force. We note that these calculations correspond to an infinitely wide
layer of NaCl bilayer on CuzN/Cu(001) subjected to a uniform applied electric field. The fact
that calculations neglect finite size effects such as island size or inhomogeneity of the substrate
may explain why they show a continuous change in both the position of the ions as well as the
integrated LDOS while our experiments show a sharp transition. Computationally demanding
calculations with large but finite sized (approximately 5 nm x 5 nm) NaCl/CuzN islands on bulk
Cu(001) under an applied electric field may shed further light on this issue.

It is interesting to note that upon reversal of the applied electric field, both I and Af return to
their original states almost immediately for NaCl, meaning that relatively small hysteresis is
observed. Because of the strong self-poling arising from the asymmetry of the interfaces above
and below the NaCl (i.e. the CuzN and the vacuum gap), it is sensible to assume that only one of
the two dipole orientations is stabilised in the absence of the critical electric field at the
temperatures at which our studies are performed. Therefore, we do not observe strong
bistability for a defect-free NaCl bilayer, in which both states can be easily stabilised under a
given set of conditions. However, strong hysteresis is observed, as shown in Supplementary Fig.
6, when the NaCl bilayer is locally modified by inducing atomic defects (Cl- vacancies), revealing
a way to stabilise the high field state. Such stability could be further enhanced by creating more
complex structures of vacancies, which has already been demonstrated for Cl vacancies in NaCl
[25]. Similar behaviour has been reported for Sr vacancies in ultrathin SrTiO3, which are found
to stabilize ferroelectricity [26]. In the same way, placing a third material above the ultra-thin
rock salt layer might cause the same hysteresis enhancement [5].

The vacancy-stabilized configuration on NaCl also offers the possibility to examine the spatial
extension of the reversed polarisation state. Remarkably, as seen in Supplementary Fig. 7, the
switched state can extend across multiple small CuzN island, indicating a relatively long range
phenomenon that can cross the CuzN island boundaries. Future investigation of the spatial
dependence, in other pristine materials with larger hysteresis or in the presence of vacancies,
may help to elucidate more details on the nature of the switched state.

In summary, we have demonstrated the possibility to induce and switch the polarisation in
atomically thin layers of a normally non-polar compound (NaCl and KBr) when placed on
another atomically thin polar insulator (CuzN) above a metallic electrode. Atomically thin
insulators like CuzN also allow the polarised layer to be in close proximity to an electrode, which
is necessary for many device designs. While a scanning probe tip was used to produce the
critical electric field required to induce polarisation switching, the extended nature of the
induced switching suggests that a similar result can be induced with a fixed electrode, as would
be found in traditional device designs. The observed change in the surface electrostatic



potential makes this system a potentially interesting substrate for the study of other 2D
materials such as MoS; [27], providing a new way to induce electrostatic gating and measure
its influence without the need for external contact electrodes.
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Figure 1 - Ultra-thin NaCl layers on CuzN/Cu(001). a) Topographic STM image of a

Cu(001) surface fully covered by CuzN with monolayers and bilayers of NaCl deposited on top.
(72 nm x 116 nm; Vser=-1.3 V, I¢c=50 pA) b) Topographic STM image of a Cu(001) surface
mostly covered by CuzN islands with small stripes of Cu in between and NaCl monolayer and
bilayer on top. Green and red dots indicate the locations of Cl atoms (bright spots) in the NaCl
monolayer and bilayer, respectively. (9.5 nm x 9.5 nm; Vser=-1.3 V, Ie:=50 pA) c) Upper
illustration shows a side view of Na (purple) and Cl (blue) atoms in an isolated NaCl
monolayer and bilayer, as well as a DFT calculation of the structure when it is deposited on a
CuzN layer containing Cu (red) and N (green) atoms on top of bulk Cu(001). Vertical distance
from each NaCl layer to the outermost Cu plane is indicated. Vertical displacements within a
layer have been enhanced by a factor of three for visibility.
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Figure 2 - Electric-field induced switching and calculated decay rates of NaCl bilayer on
CuzN/Cu(001). a) I vs Az acquired above the NaCl bilayer on CuzN/Cu(001) (Vser=-0.8V,
I5¢=200 pA) for increasing Az. A clear step in I(Az) is observed for V>0, but not for V<0. The
inset shows I(Az) for both increasing and decreasing Az at V=+1.2 V; weak hysteretic
behaviour is observed. b) Change in the Az. vs. V, with a best-fit line corresponding to E.=0.9
GV/m. Vertical error bars represent the width of the step in I(Az). ¢) I(Az) decay
corresponding to the state below the critical electric field shown on a semi-log scale

(Vset =-0.8 V. The decay length 1/k;2) for state 1(2) is calculated by fitting the current with a
simple exponential decay. d) Same as panel c with Vsec = 0.8 V. A transition between two
states is now observed, each with a different current decay length. e) Same as panel c) with

Vset = 1.2 V. The value of Az. changes while the decay lengths for each of the two states remain
approximately constant.
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Figure 3 - Force measurements for NaCl bilayer on CuzN/Cu(001). Af(V) (Kelvin probe)
measurements acquired above the NaCl bilayer on CuzN/Cu(001), with a transition in Af
starting at 1.3 V and Az=-140 pm (Vser=-1.3 V, Iset=5 pA). b) As expected for an electric field
induced effect, the transition shifts linearly towards lower applied bias as the tip-sample
distance is decreased. The critical transition bias at a given regulation distance is taken from
the centre of the transition. Horizontal error bars represent the nearest three measured
points from the centre of the transition. c) The increase in dissipation/damping
(Supplementary Methods), related to the change in the Kelvin probe parabola, indicates a
hysteretic process that is consistent with a ferroelectric cycle.
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Figure 4 - Electric field induced shift of dipoles in NaCl bilayer on CuzN/Cu(001). a)
Calculated height, with respect to the bottom layer of Cu atoms in the unit cell, of the topmost
Na (magenta) and CI (blue) atom as a function of applied electric field for NaCl bilayer on
CuzN/Cu(001) . b) Integrated LDOS from the Fermi level to a sample bias of 1.25 V at a fixed
point (2.5 A above the NaCl surface) as a function of applied electric field. c) Illustration of the
positions of Cu (red), N (green), Na (magenta), and CI (blue) atoms in NaCl bilayer on
CuzN/Cu(001) for the low electric field configuration from DFT calculations with no electric
field. In the outermost layer, the Cl- atoms sit above the Na* atoms, and are thus closer to the
tip above. d) Same as panel c for the high electric field configuration from DFT calculations
with E=16 GV/m. In the outermost layer, the Cl anions are now below the Na cations,
indicating a reversal of the rumpling and therefore also a reversal of the electric dipole.



