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Mott variable-range hopping and weak antilocalization effect in heteroepitaxial Na,IrOj; thin films
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Iridate thin films are a prerequisite for any application utilizing their cooperative effects resulting from the
interplay of strong spin-orbit coupling and electronic correlations. Here, heteroepitaxial Na,IrO; thin films
with (001) out-of-plane crystalline orientation and well-defined in-plane epitaxial relationship are presented on
various oxide substrates. Resistivity is dominated by a three-dimensional variable-range hopping mechanism in
a large temperature range between 300 K and 40 K. Optical experiments show the onset of a small optical gap
E,, ~ 200 meV and a splitting of the Ir 5d-t,, manifold. Positive magnetoresistance below 3 T and 25 K shows

signatures of a weak antilocalization effect.

DOLI: 10.1103/PhysRevB.88.045111

Transition-metal oxides containing 5d iridium ions allow
for the observation of novel cooperative effects resulting from
an interplay between strong spin-orbit coupling and electronic
correlations. These iridates are promising candidates for high-
T superconductors,' spin liquids,>™ a novel J.i = 1/2 Mott-
insulating ground state,>® and topological insulators.”'°

A rather recently studied iridate is the Mott-insulating lay-
ered compound Na,IrO; where edge-sharing IrO¢ octahedra
form a honeycomb lattice within each Na,IrOs layer.'! Theo-
retical studies of magnetic interactions in model Hamiltonians
of A,BO;-type compounds'>!? suggest spin liquid behavior
in NayIrOs. On the other hand, tight-binding model analyses
and first-principles band structure calculations,”!%!* as well as
density-matrix renormalization group calculations,'> suggest
Na,IrO3 as a possible topological insulator. Both states of
matter, however, promise possible application in fault-tolerant
quantum computation.'¢-!8

Experimental efforts on NaIrO; were so far limited to
powder and single-crystalline samples.'1°2? Initially, from
x-ray diffraction experiments a monoclinic C2/c unit cell for
Na,IrO; was suggested.!! More recent experiments however
are more consistent with a C2/m unit cell.'>** Later exper-
iments also confirm the presence of trigonal distortions of
the IrOg octahedra and that structural disorder, i.e., stacking
faults and Na/lr site mixings, is common. The compound
furthermore exhibits frustrated antiferromagnetic order below
Tn = 15 K with moments ordered collinearly in a zigzag
pattern.'®2! Furthermore, single-crystalline Na,IrO; has a
small band gap.”? Its temperature-dependent in-plane dc
electrical resistivity follows a p oc exp[(Ty/T)'/*] behavior
between 100 and 300 K.'! Such a p(T) dependence is
usually associated with three-dimensional Mott variable range
hopping?® of localized carriers.

In this paper, we report on heteroepitaxial Na,IrOs thin
films grown on (001) YAIO;, a-sapphire, and c-sapphire.
Deposition of Na,IrOj3 thin films ultimately is a step towards
future device applications of this material. Our heteroepitaxial
films exhibit a clear epitaxial relation and an excellent (001)
out-of-plane orientation. In magnetoresistance measurements
we observe the weak antilocalization effect at 25 K and below.

Thin films were grown by pulsed laser deposition (PLD)
on 5 x 5 mm? and 10 x 10 mm? a-plane (11.0) sapphire,
c-plane (001) sapphire, and YAIO; (001) single crystals at
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temperatures and oxygen partial pressures ranging from about
550°C to 650°C and from 0.6 mbar to 3.0 x 10~* mbar,
respectively. PLD was done with a 248 nm KrF excimer laser
at a laser fluence of 2 Jcm™2. The polycrystalline Na,IrO;
target was prepared by a solid-state synthesis, according to
Ref. 11. First ellipsometry measurements could only give a
rough estimate of film thickness between 400 and 800 nm
which, however, is still consistent with PLD growth rates
for other oxide thin films.>* More detailed information about
target preparation and film deposition can be found in the
Supplemental Material. 2

For structural analysis we employed a Philips X Pert
x-ray diffractometer equipped with a Bragg-Brentano powder
goniometer using divergent/focusing slit optics and Cu K,
radiation. Surface morphology was investigated via a Park
System XE-150 atomic force microscope in dynamic non-
contact mode. Temperature-dependent dc electrical resistivity
was measured in van der Pauw geometry. Transverse magne-
toresistance was measured with a high-resolution AC bridge
(LR700 from Linear Research) in a commercial cryostat in the
temperature range between 5 and 100 K with magnetic fields
up to 8 T in both van der Pauw and four-point geometry with
sputtered gold contacts. Optical transmission was measured
at ambient conditions and room temperature within a total
photon energy range from 0.025 to 6.2 eV. For the interval
from 0.025 to 0.992 eV we employed a BRUKER IFS
66v/S Fourier transform infrared spectrometer (FTIR). The
spectral range from 0.62 to 6.20 eV was covered by a Perkin
Elmer Lambda 40 UV/VIS spectrometer. We further measured
photoconductance which was obtained from the slope 1/R
of current-voltage characteristics measured using an Agilent
4156C Precision Semiconductor Parameter Analyzer under
illumination from a xenon arc lamp. The incident photon
energy was tuned via a monochromator from 0.72 to 4.96 eV.

Typical x-ray diffraction (XRD) patterns of a series of
NayIrOs thin films grown on YAIOs; (YAO) (001) at T =
550°C and at oxygen partial pressures pop as indicated are
displayed in Fig. 1(a). The patterns are indexed according
to the JCPDS diffraction database pattern 00-026-1376 for
Na,IrOs3 in the monoclinic C2/c¢ unit cell. The patterns show
very pronounced symmetric peaks related to the (001) planes
of the Na,IrO; phase confirming its out-of-plane preferential
orientation. Two minor additional peaks with intensities below
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FIG. 1. (Color online) PLD-grown (001)-oriented Na,IrO; films
on YAIO; (001) (YAO). (a) XRD 20-w scans of films grown at po;, as
indicated. (b) Zoom-in on the (002) reflections seen in (a). (c) Typical
XRD ¢ scans of asymmetric Na,IrO; (202), YAO (101), and (121)
reflections indicating the presence of six rotation domains (po; =
3.0 x 107* mbar, T ~ 600 °C). (d) Noncontact AFM topographic
image of a typical Na,IrOs film surface.

10? counts can be related either to the (-220) orientation of
the same phase or possibly to the (110) orientation of the
closely related NasIr;Og phase [denoted as = in Fig. 1(a)].
Decreasing pop, we furthermore observe a clear tunability
of the out-of-plane lattice parameter ¢ from 10.813 A to
10.435 A as can be seen in Fig. 1(b). A variation in growth
temperature and substrate material has a comparably small
effect on ¢ (see Ref. 26 and Supplemental Material). To
illustrate the in-plane epitaxial relationship, Fig. 1(c) shows
¢ scans of the asymmetric Na,IrO3 (202) and the YAO (101)
and (121) reflections. From the mismatch between rotational
symmetry C, and C,, of film and substrate, which is C;
for Na,IrO; and C, for YAO, one expects to observe two
rotational domains,?’ i.e., two reflections in a ¢ scan of the
Na,IrO3; (202) reflection. Instead, we observe six reflections
and assume that this increased number of rotational domains is
either due to a mixed terminated surface of the YAO substrate
containing half unit cell step heights?® or other nearly fulfilled
additional symmetries of the substrate surface.?’ The latter can
be estimated for the YAO (121) and (101) reflections, as shown
in Fig. 1(c). A noncontact atomic force microscopy (AFM)
scan of a thin film grown on YAO(001) is shown in Fig. 1(d).
Although XRD confirms the good out-of-plane and in-plane
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FIG. 2. (Color online) Optical absorptance measured with FTIR
(black) and UV/VIS spectrometer (blue, both left scale) and optical
conductivity under illumination with a Xe lamp (red, right scale)
of Na,IrO; thin films at ambient conditions. Full measured spectral
range from 0 to 6 eV shows three absorption peaks «, 8, y at 0.6, 1.5,
and above 3 eV, respectively. The inset shows the FTIR data below
0.5 eV indicating a small optical gap of E,, ~ 200 meV.

epitaxy of our films, the 1.5 x 3 um? topographic image
reveals a granular surface structure with an rms roughness
at the given growth conditions of 13 nm. Typical grain sizes
range from 100 to 200 nm.

Figure 2 displays the results of optical measurements
performed on two samples, one grown on a-sapphire, the other
on c-sapphire. We employed a total of three methods to cover
a total energy range of optical excitations from IR to UV, i.e.,
from 0.025 to 6.20 eV. Optical transmission between 0.025
and 0.992 eV is shown in black, while optical transmission
data from 0.62 to 6.20 eV is shown in blue. Photoconduc-
tance G between 0.72 and 4.96 eV is shown in red. The
transmission data are displayed as absorptance (1 — 7). In
optical transmission experiments we have always measured
the transmission Typsiwate Of the bare substrate, as well.
From the data shown in Fig. 2, we eliminated this contribution
from the substrate to the signal via T = T, X 100/ Tyubstrate -
The raw data can be found in the Supplemental Material. In
the FTIR data (black), we observe an absorption edge starting
at Ey, ~ 200 meV indicating a small optical gap compatible
with the recent finding®? of a 340 meV gap in NayIrO; single
crystals. In the combination of all three data sets we observe
slight indications of three absorption peaks denoted in Fig. 2
as «, B, and y at around 0.6, 1.5, and above about 3 eV,
respectively. Feature o can be discerned at the borderline of
FTIR and UV/VIS data. In UV/VIS, feature 8 presents itself
as a very broad peak from about 1.0 to 2.5 eV with a maximum
at 1.5 eV. A very similar feature with much lower linewidth
can be seen in the photoconductance data (red) between
1.0 and 1.7 eV with a maximum at 1.4 eV. Furthermore,
photoconductance reveals the onset of excitations above 3.5 eV
(feature y). We argue that these features are indeed physical.
Optical transitions with absorption peaks at very similar
energies as well as small insulating gaps were previously
observed in optical conductivity measurements of related
materials SrpIrO4>3° and Ir,04.%' Their crystal structure is

045111-2



MOTT VARIABLE-RANGE HOPPING AND WEAK ...

T-1/4 (K-1/4)

PHYSICAL REVIEW B 88, 045111 (2013)

5 0.25 0.30 0.35 0.40 1.0
10 - —3
E¥ b =0.1 mBar Lo
L BV p.-00t6moar 89 K27 gg K™ 1 110°
10" &y p,=0002mbar <57 -y 3 o
£ P, =3e-4 mbar - A 2 - 45 K3 110° S
L ) i 1 &
S . 27 E 110" )
S aF R 114 p -
E101g::’qﬁ"' 81K 1 ’ 110° =
3 v"'v A M @M : g\
10° F L AP | A v sample 1A Jl0" T
‘ vy VY 20 K ] ; - 0
r Wy 1f O sampleB 150 ((r)nV 150 ) x
2 . . S | ' : ' 0
300 150 75 50 40 275 50 15 2 0
T (K) T (K)
0.016 T 0.00
S o IEEETEERCT
' : = 3K = 25K
- 0.012 =, = 4K 50 K e -0.01
L 0.010 + = 10K 75K "]
g - = 15K = 100K -0.02
D 0-008 1 S NN, classic ~ B ) RS
& 0.006 | ] 003 o
N *
Q 0.004 ] Q
S 0002 NN A ] -0.04
0000 L . "--..... .......... ; - .............. ....... : ~ ]
-8 6 4 -2 0 2 4 6 8 3 2 A1 0 1 2 3
B (T) B (T)

FIG. 3. (Color online) Transport properties. (a) Temperature-dependent resistivity of Na,IrO; thin films grown at 550°C on YAO(001).
Data are plotted in log p versus T~'/4. Straight line fits with the respective slopes TOI/ * indicate Mott-VRH conductivity mechanism. (b)
Resistance R versus T plotted in log-log scale measured from 280 K to 2 K of two samples A, B (see text). Sample A shows an anomaly around
15 K (dashed line) related to reported antiferromagnetic ordering temperatures 7y of Na,IrO; single crystals. Red lines are fits according to
Mott-VRH model. Inset: Current-voltage characteristic of sample B at 2 K. (c), (d) Magnetoresistance of sample B. WAL behavior in a Na,[rO;
film on c-sapphire. (c) Normalized out-of-plane magnetoresistance AR /R(0) between 2 and 100 K. In large fields B > 4 T, experimental data
follow a classical parabolic law (dotted lines). (d) The same data expressed as normalized magnetoconductivity AG (e?/mh)~! are fitted by the
HLN equation for 7" < 25 K and magnetic fields B < 3 T (dashed lines; see text). The inset illustrates the temperature dependence of the fit

parameters o and /.

also similar consisting mainly of IrOg octahedra. A comparison
with recent angle-resolved photoelectron spectroscopy data of
Na,IrOj; single crystals??> suggests that features o and 8 can
be assigned to intraband transitions within the split Ir 5d-1,¢
manifold, while feature y indicates interband transitions from
Ir 5d-t5, into O 2p states. The splitting of the #,, bands was
proposed previously?>3>33 due to an interplay between spin-
orbit coupling, electronic correlations, and possible trigonal
distortions of the IrOg octahedra. Trigonal distortions in
turn are deemed necessary to facilitate the experimentally
observed!??? zigzag type antiferromagnetic order.

Figure 3(a) shows the electrical resistivity log p versus
T-1/4 between 300 K and 30 K for a series of NayIrO;
thin films grown on YAO(001) at T ~ 550°C. For all
oxygen pressures, the films show semiconducting behavior.
For thin films grown at pgy = 0.1 mbar, resistivity at 300 K is
around 2.4 x 10~* Q m. It monotonically increases to 2.8 x
102 @m for po, = 3 x 10~* mbar, thus demonstrating the
tunability of resistivity (see Table I). At po, = 0.002 mbar

and lower, resistivity exceeds our measuring range of 6 M2 at
low temperatures. The temperature dependence of resistivity
between 300 and 40 K can be described using a three-
dimensional Mott variable-range hopping (VRH) model,> for
which

p = poexpl(To/T)"*1. (1)

This is indicated by the straight line fits in Fig. 3(a).
Thus, we observe VRH similarly as previously observed in
single-crystalline Na,IrO3'! and Sr,IrO4.* The localization
temperature T, of the VRH model is given by

Ty = 21.2/kga® N(Ep), 2)

where kg is Boltzmann’s number, a is the localization length,
i.e., the decay radius of its wave function, and N(EFf) is
the density of states at the Fermi level.”> VRH is usually
associated with the localization of carriers by disorder. Fitting
the experimental resistivity results using Eq. (1), we obtain
T, comparable with various other transition-metal oxides**°
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TABLE I. Na,IrO; thin films grown on YAO(001) at 7 ~ 550°C and oxygen partial pressures py,: Room temperature resistivity p(T =
300 K), 0o, and Ty are fit parameters according to Eq. (1). @ was calculated using Eq. (2) assuming N(Eg) = 102 eV~ m™3.

Po2 (mbar) (T = 300 K) (2 m) po (§2m) Ty (K) a(A)
0.01 8.0 x 1075 6.5 x 1077 1.7 x 10° 5.29
0.016 (300 to 125 K) 52 x 1073 1.9 x 10711 4.4 x 107 0.82
0.016 (91 to 40 K) 52 % 1073 2.9 x 107 4.0 x 10° 1.83
0.002 1.6 x 1072 2.0 x 101! 5.6 x 107 0.76
3% 1074 2.6 x 1072 1.8 x 10711 6.3 x 107 0.73

(see Table I). Using Eq. (2) it is then possible to calculate
a or N(Eg). However, knowledge of either a or N(Ef) is
required. Here, we assume a constant N(Ep) on the order
of 10?® eV~ m~3. We estimated N(Ef) from heat capacity
measurements performed on various iridates,3”*~* where the
coefficient n was obtained from a fit of C/T = n+ BT at
low temperatures. In these materials, the coefficient 1 ranges
from 0.5 to 10 mJ K~2 mol-Ir~! and is related to N(Eg) via
n= 7'(2k]23 VN (Eg)/3, with V;, being the molar volume of Ir.
The localization lengths a calculated from the fitted 7 and
constant N (Er) using Eq. (2) are on the order of 1 A and given
in Table I. Their magnitude is reasonable in comparison with
the reported Ir-Ir and Ir-O bond distances in Na,IrO3 of about
3 and 2 A, respectively.'®2° According to our calculation we
observe a correlation between a and the resistivity; i.e., as a
decreases we observe a dramatic increase in resistivity p.
Figure 3(b) shows the normalized resistance R(T)/R(T =
280 K) between 280 and 2 K of two samples A and B grown
at 0.016 mbar and T ~ 550°C on YAO(001) and c-sapphire,
respectively. R was measured by the van der Pauw and
four-point methods for samples A and B, respectively. Sample
B was furthermore capped by a 110 nm thick SiN, layer
and used for magnetoresistance measurements discussed in
the next section. The current-voltage characteristic of sample
B at 2 K, shown in the inset of Fig. 3(b), is a straight line
highlighting the excellent contact quality and ohmic behavior
persisting down to 2 K. Quantitative differences between the
resistance curves of samples A and B most likely arise from
the different substrate used. For both samples, a 3D Mott-VRH
model describes the data between 280 and 50 K, however, with
different slopes T,’* = 33 K!/4 (A) and T,’* = 11 K!/* (B).
In addition, sample A displays a sharp change in R around
15 K which can be related to the formation or suppression
of scattering processes which decrease the resistance for T <
15 K. A similar effect is also observed in sample B below 25 K.
It is known from some antiferromagnetic (AF) materials that
resistance diminishes below the Néel temperature Ty.*~*” For
single-crystalline Na,IrOs3, literature reports on the formation
of an AF phase with a Néel temperature Ty between 13.4 and
18.1 K.'19-21 We suggest that the decrease of the resistance
below 15 and 25 K in our investigated samples A and B,
respectively, is a consequence of the AF phase formation,
possibly with a reduction in spin scattering. For sample
B we further observe that the low-temperature resistance
(T < 25 K) can also be well described by the Mott-VRH
dependence, but with a much smaller slope of TOI/ Y —34K4
compared to the high-temperature range. With regard to the
formation of AF long-range order and assuming the same

N(EFg) as before, this decrease of Tj can be related to an
increase in the electron localization length a from 12 to 56 A.
However, these values are one order of magnitude larger in
contrast to the samples discussed above and suggest that
a constant N(Eg) for all samples is merely a simplifying
assumption. As will be discussed below, we similarly observe a
significant increase in the phase coherence length /4 extracted
from magnetoresistance for 77 < 25 K. At present, it is
not understood why Mott-VRH is observed within such an
extended range of temperatures in both our epitaxial films and
in single crystals.!! Theories on variable range hopping>*3348
require the localization of states within a narrow band near
the Fermi level. In this spirit, the localization of states due
to strong on-site Coulomb interactions of the Ir 5d orbitals
and structural disorder induced by frequent stacking faults and
interatomic site mixings'"!” would be consistent with variable
range hopping behavior. In addition, the existence of narrow
Ir 5d-1, bands** and a small insulating gap (cf. Ref. 22 and
Ey, ~ 200 meV in Fig. 2) supports variable range hopping.
Out-of-plane magnetoresistance (MR) measurements per-
formed on two samples between 2 K and 100 K are shown
in Fig. 3(c). The normalized magnetoresistance R/R(0) =
[R(B) — R(0)]/R(0) s positive for all measured temperatures.
In fields B > 3 T, MR scales well with B which can be
ascribed to the typical Lorentz contribution.*’ In fact, MR
for T > 75 K follows this parabolic dependence for all
measured fields. However, at low temperatures and at fields
B < 3 T we observe a quick rise in MR. This behavior can
be understood according to the weak antilocalization (WAL)
effect. In light of recent proposals of topologically nontrivial
phases present in Na,IrQs,”!%!415 the observation of WAL
is very interesting, as it has been observed in thin films of
established topological insulators Bi;Se; ™% and Bi,Tes.>*
However, WAL is also observed in a system with strong
spin-orbit coupling, such as ultrathin Sb films> or Mg films
covered with submonolayers of Au.’® There, WAL originates
from the destructive interference of coherently backscattered
conduction electrons due to spin rotations.’’” WAL is also
associated with topological surface states:*® Surface electrons
acquire a Berry phase of m leading to destructive quantum
interference, as well. In both cases, conductance is enhanced
due to the suppression of backscattering. In a magnetoresis-
tance experiment, the magnetic field partially destroys the
destructive quantum interference and leads to an unusual rise
in resistance. Experimentally, we study the observed WAL
effect by fitting the low-field magnetoconductivity (MC) for T
< 25 K shown in Fig. 3(d) with the Hikami-Larkin-Nagaoka
(HLN) equation for a 2D system in the limit of strong spin-orbit
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coupling:*®

MG = —a S (D) —w ] 3)
= %an |\ ae2B 42B) |

where W is the digamma function and [/, denotes the phase
coherence length. The prefactor « is expected equal to
—1/2 for both a traditional 2D system with strong spin-orbit
interactions® and one surface of a topological insulator;>
i.e., for both the top and bottom surface of a topological
insulator thin film without contribution from the bulk one
expects & = —1. Our experimental data can be fitted well
by Eq. (1) for fields B < 3 T and T < 25 K as the
dashed lines in Fig. 3(d) illustrate. With temperature, the cusp
continuously broadens. The inset shown in Fig. 3(d) displays
the temperature dependence of the extracted fit parameters o
and /4. Opposed to o = —1/2 corresponding to one surface
electron channel, our fitted « decreases from —0.034 to —0.20
with increasing temperature. We also note the small values
of the phase coherence length [, decreasing from 27 nm at
2 K to 11 nm at 25 K. From our fit results we infer that in
our films WAL is reduced in comparison with experiments on
established topological insulator thin films,*>* where film
thickness is often below 50 nm, « ranges from —0.38 to
about —1, and /; ranges from 100 nm to 1000 nm. In our
films, the thickness is in the 100 nm regime, such that a
dominating bulk contribution to transport properties is very
likely. Deviations from o = —1/2 can be attributed to the
scattering on magnetic impurities which can lead to a reduction
of WAL bringing « closer to zero.’*¥-°! Such magnetic
impurities could either be inherent to the bulk or caused by
contamination during sample processing. Small /, have been
suggested as evidence for reduced screening and increased
electron-electron interaction effects in a regime of low charge
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carrier densities.”® We argue that similar detrimental effects
on the phase coherence length [ can be caused by defects at
the interface or increased impurity scattering due to high film
thickness. It is also theorized that bulk channels with opposite
effect, i.e., weak localization causing negative MR, could
partially compensate the WAL of the surface channels.®? At
this point, however, a quantitative discussion on the observed
WAL is merely speculative. Also, at this stage the observation
of WAL is not intended as direct evidence for a topological
insulator phase. First thickness-dependent transport measure-
ments (not shown here) indicate, however, that conductivity
below 40 K is nearly independent of film thickness thus
hinting at a surface-dominated conduction in this range of
temperatures.

We have demonstrated that heteroepitaxial NayIrO; thin
films with very good out-of-plane crystalline orientation and
defined in-plane epitaxial relationship can be grown by PLD
on various oxide substrates. Resistivity is dominated by three-
dimensional variable-range hopping. Optical experiments in-
dicate a small optical gap Eg, ~ 200 meV and a splitting of the
Ir 5d-t¢; manifold. For positive magnetoresistance below 3 T
and 25 K we observed signatures of a weak antilocalization
effect as evidence for strong spin-orbit interaction. The
discovery of such an effect in NayIrO; thin films is very
intriguing as it does not eliminate propositions”!%!%!5 of a
topologically nontrivial phase in this material. However, the
current state of results is insufficient evidence for the existence
of such a topological phase.
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