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Surface Conductivity of the Honeycomb Spin—-Orbit Mott

Insulator Na,IrO;

Thomas Dziuba,* Ina-Marie Pietsch, Mdté Stark, Georg A. Traeger, Philipp Gegenwart,

and Martin Wenderoth

The search for materials with novel and unusual electronic properties is at the
heart of condensed matter physics as well as the basis to develop conceptual new
technologies. In this context, the correlated honeycomb transition metal oxides
have attracted large attention for both, being a possible experimental realization
of the theoretically predicted magnetic Kitaev exchange and the theoretical
prospect of topological nontriviality. Mott-insulating Na,IrO; is prototypical
among these materials, characterized by crystal field splitting, spin—orbit
coupling, and Hubbard repulsion being on similar energy scales. Herein, a
combined electrical transport and scanning tunneling spectroscopy (STS) study
of the surface of sodium iridate cleaved and in situ investigated under ultrahigh
vacuum is reported. Temperature-dependent transport measurements prove the
existence of surface conductance with a surprisingly high and temperature-
independent conductivity. STS shows a variety of different spectra. Most
importantly, a significant density of states is found within the bandgap of sodium
iridate at the surface. Based on the local spectroscopic information, multiple
conductive channels with differing nature being simultaneously apparent in this

focuses on sodium iridate (Na,IrOs),
that consists of alternatingly stacked Naj
and Nalr,0O layers (see Figure S1,
Supporting Information), where the struc-
ture of the Nalr,Og layer with a honeycomb
coordination is determined by iridium
atoms surrounded by edge-sharing oxygen
octahedra providing the basic ingredients
for the magnetic Kitaev exchange interac-
tion.'"® The electronic properties are
highly complex, as crystal field splitting,
strong spin—orbit coupling, and Hubbard
repulsion have similar energy scales in
Na,IrO;.1% 1 Na,IrO; was shown to
be a robust Jg=1/2 Mott insulator
with a bandgap comparable with common
semiconductors.®'>!% Although the mag-
netic properties of Na,IrO; are dominated
by the strongly bond-dependent Kitaev

material are discussed.

1. Introduction

Correlated honeycomb transition metal oxides (TMOs) A,IrO;
(A =1i, Na) attract large attention for being at the intersection
of various physical phenomena that are in the focus of current
research due to their potential relevance for future technological
application as well as for fundamental questions. This work
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exchange, the admixture of Heisenberg,
and off-diagonal interactions beyond
nearest neighbors leads to a zigzag antifer-
romagnetic-ordered ground  state.*7*%
Furthermore, Na,IrO; is theoretically con-
sidered as a candidate material for correlated topological insulator
behavior,?12021

To this end, many groups have investigated the surface prop-
erties of Na,IrO;, but no consistent picture has been obtained
from the experimentally determined electronic and transport
data. Optical conductivity, angle-resolved photoemission spec-
troscopy (ARPES), and scanning tunneling spectroscopy (STS)
investigations reported a wide range of bandgaps between
340meV and 1.2eV.31% Scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS) experiments
on freshly cleaved Na,IrO; crystals found a bandgap of 1.2 and
0.6 eV, associated with a Nas[(1 x 1)]- and Nalr,Og[(v/3 X /3)
R30°]-surface reconstruction, respectively.l' Spatially resolved
ARPES investigations also found different bandgap widths for
the two surface terminations.["® However, the extracted absolute
values are not consistent with the STS investigations. Only
recently, first indications of density of states at or close to the
Fermi level have been reported from ARPES measure-
ments.*>?3] Transport investigations have reported a freeze-
out of conductivity at low temperature.'®2*?* Investigations
using conductive AFM under ambient condition showed the for-
mation of sodium clusters at the surface of Na,IrO; when
exposed to air for several hours, resulting in metallic-like conduc-
tivity on the surface, which was attributed to the sodium

© 2020 The Authors. Published by Wiley-VCH GmbH
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clusters.””” In summary, in addition to the in-gap states observed ~ at Ty, confirming good crystalline quality (for details, see
by ARPES, neither a clear bandgap closing by surface states  Figure S2, Supporting Information).
in spectroscopic data nor surface conductivity has been For bulk and surface conductivity measurements, four gold
reported.'¢2223] contacts were attached to the Na,IrOj; crystals, using evaporation
In this work, we combine temperature-dependent transport  of high-purity gold and shadow masks (Figure 1a—c). Two con-
measurements with STM and STS investigations on freshly tacts, A and B, are located on the top side of the sample, whereas
cleaved Na,IrO; single crystals under ultrahigh vacuum (UHV)  contacts C and D are contacting the rear side. The contacts of
conditions. We have found a surprisingly high conductivity — each pair (top/bottom) were positioned at laterally opposite sides
on the Na,IrO; surface in transport measurements as well as  of the crystal. To achieve a clean surface, crystals were cleaved,
an in-gap local density of states at the surface in local spectros-  and in situ investigated under UHV conditions. Temperature-
copy. Our approach gives access the local surface structure dependent [—V measurements were done using a Keithly
(e.g., defects) as well as possible degradation which is included ~ 2602B source measure unit. Cooling was done using a LN2-cryo-
in the interpretation. The combination of local spectroscopy and  stat that is thermally connected to the sample stage. Temperature
transport data allows disentangling different conductivity chan-  measurements were carried out using a k-type thermocouple
nels. We propose a model which classifies the conductive behav-  attached to the stage. After carrying out all measurements, an
ior inside the bulk bandgap as well as the conductive behavior of  additional k-type thermocouple was attached directly to the sam-
the Na,IrO; surface. ple surface to check for the discrepancy of measured temperature
at the stage and on the sample surface. The accordingly corrected
temperature scale is used in all displayed data.
2. Sample Synthesis and |nvestigation Methods Atomic-scale characterization was done in a bespoke UHV
STM at pressures below 5 x 107" mbar at 300 and 80 K on
The samples were grown using solid-state synthesis, resultingin ~ multiple crystals. STM topography images were acquired using
thin plate-shaped crystals with a diameter of up to 4 mm. The constant current mode. All voltages refer to the sample bias volt-
preceding polycrystalline material was grown and characterized,  age with respect to the tip, all currents refer to the tunneling
as described in former works."**" After adding 10% extra Ir  current between tip and sample. To gain STS maps dI/dV spectra
powder, the mixture was heated up to 900 °C, cooled and ground. ~ were recorded at every second pixel in the topography using
Afterward, the product was heated to 1050 °C. This results in  lock-in techniques. In parallel, I-V curves were recorded without
small single crystals. Larger crystals were obtained by an lock-in techniques and used for the calibration of the dI/dV
additional annealing with slow heating to 1050 °C followed by  curves. The absolute calibration error can be estimated to
a long hold time. Magnetic susceptibility measurements carried ~ <0.5pAV™"' at free surfaces and <2.6pAV™"' at step edges
out with a Quantum Design MPMS3 revealed a sharp signature ~ due to a lower signal to noise ratio. Tungsten STM tips were
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Figure 1. Surface conductivity of cleaved Na,IrOs. To distinguish surface-related conductivity from bulk conductivity, four contacts were attached to the
sample: two for contacting the (freshly cleaved) crystal surface (A—B) and two for reference measurements through the uncleaved crystal (C—D).
a) Before cleavage, measurements of the bulk conductivity were done for both channels. The yellow dashed lines mark the anticipated current flow.
d) The conductivity of the bulk crystal shows a strong temperature dependence between 285 and 154 K. The experimental results can be modeled with
thermal activation at higher temperatures, resulting in excitation energies of 195 and 205 meV for the channels A—B and C—D, respectively. b) After
cleaving in UHV, e) the conductivity at low temperatures is completely dominated by the surface, reducing the resistivity by nearly an order of magnitude
at 155 K. c) After exposing the surface by air for several hours, ) the surface conductivity is reduced but not completely suppressed. g) 100 x 100 nm?
constant current topography of the freshly cleaved surface. Defects ranging from vacancies to cracks and ridge-like defects are always apparent, making
the high conductivity (see (d)) even more remarkable. For further topographic details see Figure S3, Supporting Information.
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prepared by electrochemical etching in a KOH solution and fur-
ther processed by annealing and argon sputtering in UHV.
During measurement, modifications of the tip by Na desorption
or adsorption occur by chance due to the high sodium mobility
on the Na,IrO; surface. Intentional cleaning of the tip is done by
applying voltage pulses up to 5V.

3. High Surface Conductivity of Na,IrOj3 in
Transport Measurements

The high reactivity of Na,IrO; leads to the rapid degradation of
its surface under ambient conditions.?®! To avoid this problem,
the temperature-dependent transport measurements are carried
outin an UHV setup on in situ-cleaved single crystals. Bulk prop-
erties of our sample have been acquired using both channels
(A—B, C—D) before cleavage (Figure 1d), showing the well-
known freeze out of conductivity at lower temperature.*®**
Modeling these curves with a simple thermal excitation
Ansatz R ~exp(AE/2kyT) for high temperatures (>240 K) yields
excitation energies of AEsg =195 meV and AEcp = 205 meV for
the channels, A-B and C-D, respectively. It is worth noting that
these values are a lower boundary as the previously reported
hopping mechanism contributes to the overall conductivity of
the material, which is not reflected by the thermal activation
calculation.**

After cleaving, we observe a significant increase in the conduc-
tivity along the surface (channel A-B, Figure 1e). In contrast, the
conductivity of the bulk remains unaffected (channel C-D,
Figure 1le). While the bulk conductivity can be modeled based
on thermal excitation and variable range hopping, the surface
conductivity is characterized by a temperature-independent resis-
tivity below ~200 K without any indication of a freezing out of
conductivity. The average resistance of around 10kQ below
200K corresponds to a 2D sheet resistance between 0.5 and
2kQO Y, depending on the estimated contact area between
the gold contacts and the sample surface that was evaluated using
an optical microscope. For temperatures >200 K, the shape of
the R(T) curve still resembles the qualitative behavior of the bulk
conduction being explained by thermal excitation and variable
range hopping but with a reduced overall resistivity. To further
investigate the surface conductivity, we expose the surface for
13 h to air, resulting in an overall reduction of the surface con-
ductivity Figure 1f. Considering the reported high reactivity of
the surface in ambient air, the degradation of the surface conduc-
tivity is surprisingly slow.*®!

In contrast to previous transport measurements, which
have only reported a strong temperature-dependent thermally
activated and hopping-mediated conductivity, our data show
the clear signature of a low resistivity surface-related conduct-
ing channel for a freshly cleaved sample.'®*** We find a
change of sign of the derivative of the conductivity dp/dT
at ~200K, separating the high conductivity regime at lower
temperatures from the Mott-insulation regime above 200 K.
Our results showing a temperature-independent high conductiv-
ity surface channel imply that previous transport investigations,
being conducted on uncleaved crystals, are dominated by bulk
conductivity.!'¢%%24
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4. Spectroscopic Characterization of Na,IrO;
Surface States

The high surface conductivity implies a density of states close to
the Fermi level. To further analyze this issue, we complement
our transport measurements with a STM and STS study on sur-
faces investigated under identical conditions, i.e., on surfaces
freshly cleaved in UHV.

In constant current topography measurements, we
observe the known (1x 1) as well as the (/3 x+/3)R30°
reconstructions.!">'® In agreement with previous STM investiga-
tions, only the sodium terminated (1 x 1) surface appears to be
well ordered for large areas, where the (/3 x 1/3)R30° recon-
struction exhibits particularly high defect densities and merely
small well-ordered patches.'®! To investigate the properties of
the surface, we focus on the (1 x 1) sodium termination. For the
sake of completeness, according data for the (/3 x /3)R30°
reconstruction is found in Figure S4, Supporting Information.

Based on our collective STM/STS data, we identify three
generic classes of spectra. Prototypical room-temperature data-
sets of these spectra are shown in Figure 2. It is worthwhile
to mention that the discussed data are all observed on clean sur-
faces, i.e., visible defects in the surface which are always present
are at least a few atoms apart.

Type 1 spectra show a clear bandgap of 0.8 eV at room tem-
perature close to previous STM results.'>) We refer to this gap
between valence band edge at —0.45 eV and the conduction band
edge at 0.35eV in the following as the “bulk bandgap,” being
aware that this value was found to be different on the two surface
reconstructions."® Most importantly, these type of spectra shows
no hallmark of in-gap local density of states.

Type 2 spectra exhibit additional peaks at —0.5and 0.5eV
labeled as D and D* close to the valence and conduction bands.
These peaks are “symmetrically” broadened over several hundred
millielectronvolts each. The in-gap conductivity has a minimum
at the Fermi level.

Type 3 spectra paint a very different picture: the bandgap is
entirely closed in a V-shaped fashion, with the minimum at
the Fermi level. The onset of tunneling into the valence and
conduction band states is visible at —0.5 and 0.5 eV as a change
of the slope, indicated by arrows.

As the transport measurements were carried out from low
temperature to room temperature, we have also taken STM
and STS data at 80K, as shown in Figure S5, Supporting
Information. In general, we find all three spectral types. Based
on our current statistics, type 2 spectra are severely under-
represented at 80 K, i.e., for a given number of surface examina-
tions on different positions, the spectra of type 2 occur
significantly less frequent at 80 K compared with 300 K.

Considering the large amount of data for multiple STM tips,
samples, lateral positions on the respective sample surface as
well as measurements at different temperatures, we interpret
the spectral types 1, 2, and 3 as intrinsic sample properties.
We discovered that the addressability of the different states
underlying the spectroscopic data is also dependent on extrinsic
properties, e.g., surface defects like vacancies and surface
steps as well as the tip properties. Further data are found in
Figure S6, Supporting Information, displaying the simultaneous

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Three observable generic types of spectra and the corresponding
topographies of the (1 x 1)-reconstructed surface. All acquired spectra can
be sorted according to simple criteria. a,b) Type 1: a bandgap of 0.8 eV at
room temperature is very pronounced with no residual in-gap conductivity.
c,d) Type 2: In-gap differential conductivity showing broad, Gauss-shaped
peaks at —0.5 and 0.5 V bias voltage and labeled by D and D*. e,f) Type 3:
these dI/dV spectra are characterized by a V-shaped bandgap closing and a
minimum of conductance close to the Fermi level. The onset of tunneling
out of the valence and into the conduction bulk band is visible as small
shoulders, indicated by arrows.

occurrence of all three spectral types in a single dataset, also
showing the impact of the tip on the spectra. A full discourse
on this can be found in the Supporting Information. Finally,
we like to mention that the highly reactive surface prohibited
a controlled tip preparation (further discussion on this is found
in the Supporting Information).

5. Discussion

Our transport measurements reveal the existence of two different
conducting channels. First, the known (bulk)conductivity from
thermally activated charge carriers (dominating at high temper-
atures 200-300 K) and variable range hopping (taking over at
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lower temperatures).”* And second, the newly discovered

surface conductivity which does not freeze out with decreasing
temperature. In the following, we develop a comprehensive
model which link the different spectral types to the transport
results on freshly cleaved Na,IrO; crystals.

We propose that type 1 spectra corresponds to the gap between
the lower and the upper Hubbard bands, i.e., denoting the pre-
viously called “bulk bandgap” to be the underlying Mott gap.
Moreover, due to the large value of the gap, type 1 spectra do
not have a counterpart in transport.

We start the interpretation of the transport and STS findings
for the bulk conductivity. The thermal excitation Ansatz yields an
activation energy of ~0.2 eV derived from the transport data. Our
STS data (types 1, 2, and 3) suggest that the Fermi energy is—at
least at the surface—located close to the center of the bandgap.
As the (bulk-)bandgap as taken from type 1 spectra is much larger
(0.8 eV at 300K, see Figure 2b), we propose that the activation
energy determined from macroscopic experimental data can
be attributed to excitations either within D or D* states or
between the two.®'?? Within this model, type 2 conductivity
masks the underlying energy gap shown by type 1 spectra.

The question of the physical origin of type 2 spectra remains
and is discussed in the following paragraphs.

It was recently reported for Na,IrO; and other J.g=1/2
systems like Srj(Ir;_ ,Ru,),07 and (Sr;_,La,),IrOy that both, dis-
order and doping can result in the narrowing or even closing of
the Mott gap.[?”?8 It was shown that this gap closing gradually
correlates with the degree of doping or defect density, where it is
the actual valence and conduction band edges that move closer to
the Fermi level. On the one hand, we observe a high defect den-
sity potentially inducing local disorder, and on the other hand, a
termination-dependent quasiparticle charge transfer was shown
by spatially resolved ARPES to exist for sodium iridate, resulting
in effective doping.'®! Both, prior STM and spatially resolved
ARPES investigations found two different reconstructions and
have determined a corresponding Mott gap. But while STM
reported the larger bandgap for the (1 x 1) surface, where the
surface has a sodium deficit of 1/6 compared with the bulk,
spatial-resolved ARPES reported the larger bandgap for the
(v/3 X v/3)R30° reconstruction, where according to the model
developed by Liipke et al., the surface misses 4/6 of the sodium
relative to the bulk."”! Even though a doping effect cannot be
entirely neglected as the cause for the observation of two differ-
ent energy gaps (type 1 and type 2), this would either imply con-
current spectral observations for the very same (Hubbard-)bands
or that the STM and ARPES investigations generally observed
somehow different surfaces.'>'® Consequently, this renders
this explanation to be questionable, and we propose a simpler
model that is equally fit to explain the findings.

As our main analysis is restricted to well-defined (1 x 1)-
reconstructed surfaces, we consider type 1 spectra showing
the largest energy gap as the underlying reference of the Mott
gap. Moreover, as we do not observe a clear spatial correlation
of any spectral features on disorder, we associate the density
of states peaks in the type 2 spectra to defect states in the bulk.
Our assumption is that these defect states are directly linked to
the defect states responsible for thermally activated transport as
well as variable-range-hopping in the system. This approach
based on type 2 spectra is able to explain the rather small energy

© 2020 The Authors. Published by Wiley-VCH GmbH
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gaps observed by macroscopic experimental methods, i.e., the
bulk transport attributed to thermal conductivity and/or
mediated by hopping is provided by the defect states D and D*
observed in type 2 spectra.l®1¢22

For the explanation of the surface transport, type 2-related
conductivity is not well suited, as it freezes out with decreasing
temperatures. We therefore propose to attribute the type 3 spec-
tral characteristic to the high 2D surface conductivity, persisting
at low temperatures. An important spectroscopic signature is the
gap closing via a V-like shape. Deviations from this V-shape are
only found at the onset of tunneling into the valence and conduc-
tion bulk band states and beyond.

As stated in the discussion of the type 2 spectra, we do not
observe a spatial correlation of spectroscopic characteristics on
disorder, effectively discarding a disorder-driven insulator—
metal transition. Quasiparticle charge transfer induced doping
also fails to explain our results, as it only relies on a sufficient
amount of sodium adjacent to the respective Nalr,Oq4 layer.
Hence, this doping effect must also exist within the bulk, render-
ing it to not be a distinct surface feature.l**! In addition, we stated
earlier that the sodium content on the Na-terminated surface is
even reduced compared with the bulk, further increasing the
gap.’ This idea is in contrast to the finding, that the
(v/3 x /3)R30° reconstruction has a smaller bandgap in STS
investigations.!*!

The origin of type 3-related surface conductivity remains
rather puzzling. On the one hand, density of states at or close
to the Fermi level was found in ARPES.'®?22% On the other
hand, our transport measurements reveal extremely high con-
ductivity of the freshly cleaved surface and STS shows an unusual
V-like shape close to the Fermi level. Considering that Na,IrO;
was predicted to be a 2D or possibly 3D topological insulator,
it is tempting to assign type 3 conductivity to be the result
of the bulk boundary correspondence for a 3D topological
insulator.’'?%2! Note that the linear dispersion within the
Mott gap and the robustness across step edges, as shown in

physica
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Figure 3, fit well to this model.?*3% The dI /dV curves in
Figure 3 are taken across a step edge that separates two terraces
with (1 x 1)-reconstructed surfaces that both exhibit a type 3
spectral characteristic, even though the overall conductivity for
small voltages is lower on the bottom terrace. We assign this dif-
ference in the apparent conductivity in the STS measurement to
extrinsic effects discussed in the Supporting Information. Across
the step edge, the spectral characteristic persists, rendering
type 3 conductivity to be a 2D feature that is robust across step
edges, being in good agreement with the low resistance found in
the transport measurements.

Admittedly, the existing ARPES investigations do not see any
indication of topological surface states.'®?*%*! Moreover, we did
not observe quasiparticle interference (QPI) pattern at 80 or 300 K.

6. Conclusion

Combining the results from macroscopic temperature-
dependent transport with the local spectroscopy information,
we propose the following model. Bulk conductivity at higher tem-
peratures is determined by thermally activated carriers from
defect-related states and at lower temperatures by hopping
between these states, where both processes freeze out with
decreasing temperature. In contrast to former experimental stud-
ies, we find a clear signature of a low-resistance surface conduc-
tivity with a sheet resistance of about 1 kQ O™*, comparable with
a Si(111)7 x 7 surface (~1.25kQ O " at 300 K) and graphene on
6H-SiC (=0.6kQO" at 200K and ~0.8kQO! at 300 K).***2
This is an unexpectedly low value considering the high defect
density at the Na,IrO; surface and the relatively poor bulk
conductance at low temperatures. Our analysis links this high
surface conductivity to a V-shaped bandgap closing observed
with STS. Combined with the surprising robustness across step
edges and against dosing of the surface with air, this supports the
idea of a rather unconventional surface conductivity.®*120-2%
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Figure 3. Impact of step edges on type 3 spectra. a) di/dV spectra recorded equidistantly across a single step on a (1 x 1)-reconstructed surface.
The lateral distance between the spectra is 1 nm. The actual recording positions are marked in the inset and color-coded according to the dI/dV curves.
A smooth transition of the curves is observed when crossing the step edge, without any change in the qualitative shape of the spectra. However, the
overall conductivity is altered. The deviation regarding the valence band onset at bias voltages lower than —0.8 V is due to the fact that the integral of the
dl/dV curves from the setpoint to the Fermi level has to be constant. b) Zoom-in according to the gray dashed box in (a). The bandgap closing resembles a

V-shape on an energy scale of several hundred millielectronvolts.
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In summary, the nature of the high surface conductance
remains an open issue, where the conventional transport mech-
anisms previously reported for Na,IrOs fail to explain our results.
Further investigations will be required to consider rather uncon-
ventional electronic properties despite phenomena like nontrivial
topology having been discarded up to now.*

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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