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ABSTRACT ARTICLE HISTORY
Na,Ti,Sb,0 is a parent compound of the titanium-based oxypnictide Received 1July 2016
superconductors. It possesses a phase transition at 7. = 115 K Accepted 1 December 2016
whose nature is still unclear. Here we report a scanning tunnelling

. ) - KEYWORDS
microscopy/spectroscopy (STM/STS) study on a Na,Ti,Sb,0 single STM: experimental; crystal;
crystal. We ot?servg a lattice distortion on the Na-terminated surface Na,Ti,Sb,0; charge density
below T, which displays a 2 x 2 modulation (superstructure). The wave; lattice distortion

modulation vectors g = (0.5, 0) 2 and (0, £0.5) 2 match well

a a

with the Fermi surface nesting vectors observed by angle resolved
photoemission spectroscopy (ARPES), and also agree with recent X-ray
diffraction. A partially opened gap-like feature is present in STS near
E..This evidences that the lattice distortion is driven by commensurate
charge density wave order. Our results suggest the electron-phonon
interaction is strong in Na,Ti,Sb,0 and could be responsible for the
superconductivity in titanium-based oxypnictides.

Introduction

Superconductivity occurs in many layered transition-metal compounds, such as cuprates
[1], iron-based superconductors (IBS) [2] and transition-metal chalcogenides [3,4]. In these
materials, the physics of the parent state or competing order such as charge/spin density
wave (CDW/SDW) is essential for understanding the emergence of superconductivity.
Recently, the titanium-based oxypnictides, namely (Ba, Na)Ti,Pn,0 (Pn = As or Sb) have
attracted much attention due to their layered structure and density wave-like instability
[5-13]. In particular, with carrier doping, the density wave-like order in the parent com-
pound is gradually suppressed and superconductivity emerges [7-10]. The phase diagrams of
these materials also share strong similarity with cuprates and IBS [14,15]. For understanding
the pairing mechanism in the Ti-based oxypnictides, identification of their parent state is
of great importance. For example, unconventional superconductivity usually happens close
to SDW (AFM) instabilities, while a CDW instability would lead to conventional s-wave
superconductivity [6,16].
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In the parent compounds of the Ti-based oxypnictides (i.e., BaTi, Pn,0 and NazTizpnzO),
a phase transition below a certain temperature T, is universally observed [5-13], and much
effort has been made to investigate its origin. Earlier theoretical works suggest the phase
transition should arise from CDW/SDW due to strongly nested Fermi surface (FS) sec-
tions [6,16-19]. This scenario is supported by recent ARPES studies on BaTi,Sb,0 [12],
Na,Ti,Sb,0 [20] and BaTi,As,O [21], and an STM study on BaTi,Sb,O [12] which detected a
CDW-like modulation. Meanwhile, nuclear magnetic resonance (NMR), neutron scattering
and muon-spin relaxation studies on BaTi,Pn,O did not find any magnetic structure, indi-
cating that a SDW state may not exist [22-24]. Evidence for tetragonal symmetry breaking
is observed in BaTi,Pn,O from neutron diffraction [24] and nuclear quadrupole resonance
(23] and in Na,Ti,As,O from Raman scattering [25], while powder neutron diffraction [26]
and X-ray diffraction (XRD) [27] on Na,Ti,Sb,O reveal commensurate lattice distortions
without any symmetry breaking. Besides CDW/SDW, other possibilities such as orbital
ordering have also been proposed [24,28]. However, the parent state of Ti-based oxypnic-
tides remains under debate and requires further investigation.

In this paper, we report a low temperature STM/STS study on high-quality Na,Ti,Sb,0
single crystals with T, = 115K. We observe a clear lattice distortion on the Na-terminated
surface with a 2 x 2 superstructure. The corresponding modulation vector matches the
nesting vector observed in ARPES. Moreover, a partially opened energy gap is detected in
the dI/dV spectrum. Our results suggest that the lattice distortion may originate from a
conventional and commensurate CDW order.

Experiment

High-quality Na, Ti,Sb,O single crystals were grown by a flux method as described in Ref.
[20]. Temperature dependence of the resistivity and magnetic susceptibility were measured
using Quantum Design PPMS. The STM experiments were performed in a low-temper-
ature ultrahigh-vacuum STM system. Since Na,Ti,Sb,O degrades very quickly in air, we
mounted the samples onto the sample holder in a glove box, and quickly transferred them
to the STM chamber. The exposure time to air was limited to less than one minute. The
samples were cleaved at about 77 K and immediately transferred into the STM module. Pt
tips were used in all measurements after careful treatment on an Au (1 1 1) surface. STM
topographic images were taken in constant current mode, and dI/dV spectra were collected
using a standard lock-in technique with modulation frequency f= 975 Hz.

Results and discussion

The crystal structure of Na,Ti,Sb,O is composed of alternately stacked Ti,Sb,O layers and
Na double-layers, as shown in Figure 1(a). The Ti,Sb,O layer shares some similarities with
the CuO, layer in the cuprates and Fe,As, layer in IBS. The resistivity and magnetic sus-
ceptibility measurements of our sample are shown in Figure 1(b). It is obvious that a sharp
transition happens at ~115 K, characterised by a huge jump in the in-plane resistivity and a
drop in the magnetic susceptibility, which is similar to previous reports [26,29-34]. Similar
phase transitions are also observed in Na,Ti,As,O [29,30,33], BaTi,Pn,0 [7,21,22,35] and
R,Ti,Pn,O (R = SrE, SmO) [36], indicating that they are universal to the parent compounds
of the Ti-based oxypnictides [16,22-24,26-29].
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Figure 1. (colour online) (a) Crystal structure of Na,Ti,Sb,0. Green, blue, purple, and red spheres represent
Na, Ti, Sb and O atoms, respectively. (b) Temperature dependence of in-plane resistivity and magnetic
susceptibility (H = 5T, H//ab) of Na,Ti,Sh,0 single crystals.

The cleavage of Na,Ti,Sb,0 happens between the double Na layers. Unlike BaTi,Sb,0,
which cleaves in a single Ba layer resulting in a half covered, reconstructed Ba surface, the
cleavage of Na,Ti,Sb,0 is thought to leave an intact Na-terminated surface (similar to the
casein NaFe, Co As [37]). Figure 2(a) shows the typical image of a cleaved surface (taken
at 4.5 K), which is atomically flat except some intrinsic defects. Figure 2(d) is a line-profile
taken along the dashed line in Figure 2(a). One see that away from the defects, the surface
corrugation is within few picometers; while around the defects the corrugation can exceed
40 pm, which could be due to defect-induced local states. An atomically resolved image of
a defect free area is shown in Figure 2(b). It is noticeable that the surface lattice appears as
distorted. As indicated by the green dots, the square unit cell of the original 1 x 1 lattice
becomes rhombus like, resulting in a 2 x 2 superstructure (dashed square). The displace-
ment of each Na atom, estimated from the line profiles of Figure 2(b) (as the one shown in
Figure 2(e)), is about 5.8% of the 1 x 1 lattice constant. Figure 2(c) shows the fast Fourier
transformation (FFT) of Figure 2(b). The Bragg spots corresponding to 1 x 1 lattice are
marked as g, and the surface Brillouin zone of the undistorted lattice is illustrated by a
dashed square. The modulation vectors at g, = (+O 5, 0) 2 and (0, £0.5) & correspond to
the 2 x 2 superstructure. Spots at g, = (0.5, +0. 5)% appear as high-order harmonics of q,
while they also coincide with possible FS nesting vectors as discussed later.

To further confirm the origin of the 2 x 2 superstructure, we performed dI/dV map-
pings which reflect the local density of states (DOS). The mappings are taken within a 40
nm X 40 nm area. In Figure 3(a)-(d), we show four representative maps taken at different
bias energies. The 2 x 2 superstructure can be seen in all of these maps. The corresponding
FFT images are shown in Figure 3(e)-(h). To avoid the influence of defect-induced local
states, the regions near all the defect sites, as marked by dashed circles in Figure 3(a), are
excluded before performing FFT. One can see that q-q, spots appear in all the FFT images.
In Figure 3(i), we summarised the FFT line-cuts along the (0, 0)-(27, 0) direction, taken at
various energies and displayed in grey scale. Clearly, the g, q, are independent of energy,
indicating they are from static orders. In Figure 3(j), we show two profile line-cuts of Figure
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Figure 2. (colour online) (a) Typical topographic images of the Na terminated surface taken at 4.5 K
(V,=-100mV, | =100 pA). (b) Atomically resolved image taken at defect free area (V, = -15mV, | = 400
pA). The green dots represent the locations of Na atoms. The distorted lattice is indicated by the black
rhombus. The dashed white square shows the unit cell of 2 x 2 superstructure. (c) FFT image of (b),
scattering spots are marked by g,—g,. (d) Line cut profile taken along the dashed line in (a), shows the
surface corrugation. (e) Line cut profile taken along the dashed line in (b), the displacement of Na atom
can be seen. (f) The Na lattice distortion pattern predicted based on X-ray diffraction measurements for
Na,Ti,Sb,0 in Ref. [27].
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Figure 3. (colour online) dI/dV mapping on the Na-terminated surface of Na,Ti,Sb,0 measured at 4.5 K.
(a)-(d) Typical dI/dV maps of a 40 nm x 40 nm area taken at various energies. Each map has 300 x 300
pixels. (e)—(h) The corresponding FFTs of (a)—(d). Scattering spots are indicated by yellow arrows. (i) Line
cuts extracted from the FFTs at various energies (along the dashed line in (f)), shown in grey scale. (j) Two
line cuts taken along the dashed line in (a) and (d), respectively.
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3(a) and (d), respectively. They are taken along the marked yellow dashed line at the exactly
same location. One can clearly see the modulations from the 2 x 2 superstructure in both
two line cuts, and particularly, they are spatially in phase. Since Figure 3(a) and (d) is taken
at opposite energy (-300 and 300 mV), this further indicates the 2 x 2 superstructure is
dominated by lattice distortion rather than electronic modulations [38].

Lattice distortion could be a signature of CDW transition, or may be from surface recon-
struction, as which is observed in some cuprates and IBS materials [39,40]. However for
Na(Fe,  Co )As, which also cleaves in between similar Na double layers, no surface lattice
distortion is observed [37]. We noticed that a recent XRD study on Na, Ti,Sb,O did observe
lattice distortion with the same modulation vectors as g, [27]. In their model, the Na layer
follows the distortion of Ti,Sb,O layer. The displacement of each Na atom is shown in
Figure 2(f). Clearly, the bulk unit cell is elongated along one diagonal and compressed
along another, which matches the atomic structure we observe in Figure 2(b). A difference
is that the relative displacement of Na atom observed here (5.8%) is much larger than the
value extracted from XRD, which is only about 0.6% (0.025 A). It could be due to that the
measured surface is still different from the bulk. There may exist surface atom relaxations
and modified surface phonon modes (although the interaction between the two Na layers
are expected to be weak). However, the free surface should always reflect the symmetry
breaking of the bulk. We note that in some materials such as NbSe, [41] and NbSe, [42]
the surface even shows enhanced CDW temperature. Thus the matching of the surface dis-
tortion patterns with XRD would evidence the bulk lattice is distorted in a similar fashion.

CDW transition usually results from (partially) FS nesting in layered materials. In a pre-
vious ARPES study [20], the FS of Na,Ti, Sb,O has been mapped out. As sketched in Figure
4(a), the pockets at ', X and M do share some similarities in shape and size. In particular, the
vector that connects X and M (also I' and X) matches gq,, while the vector connecting I and
M matches g,. Both of these are present in Figure 2(c). This gives further evidence that the
lattice distortion is from a CDW order driven by FS nesting. We point out that the measured
FS of BaTi,Sb,0 [12] is similar to that of Na,Ti,Sb,O; however, only the g, modulation is
observed on BaTi,Sb,0 by STM [12]. We speculate that the strongly 2 x 1 reconstructed
BaTi,Sb,0 surface hampers the detection of the underlying bulk lattice distortions, and the
CDW phase in Na,Ti,Sb,0 and BaTi,Sb,O may actually be of similar origin.
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Figure 4. (colour online) (a) Schematic FS topology of Na,Ti,Sb,0 measured by ARPES [20]. The arrows
indicate possible FS nesting vectors. (b) Typical tunnelling spectrum of Na, Ti,Sb,0 measured at 4.5 Kwith
bias modulation amplitude of 10 mV.
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In Figure 4(b), we show the dI/dV spectrum on the cleaved Na-terminated surface, which
reflects the local DOS. The spectrum shows a clear gap-like feature with non-zero tunnelling
conductance at gap bottom. The gap size determined by the two peaks (marked by arrows)
is about ~200 meV, which is significantly larger than the gap reported by ARPES and optical
measurement (~70 meV). We notice that a number of occupied bands of Na,Ti,Sb,0, as
observed by ARPES [20] have band top or bottom located in the energy range of -100 to
-220 meV. Thus, it is possible to say that the DOS peak at —200 meV is contributed partially
by the onset of such bands. However, since the gap feature is sharp and rather symmetric
with respect to E,, we speculate that it still evidences the reduced DOS at E,, which is
likely due to the CDW order. The rather large gap size (compare to T, = 115K) could be an
indication that the system is in the strong coupling regime [43].

To summarise, we clearly observe a lattice distortion on the cleaved surface of
Na,Ti,Sb,0. The agreement of the 2 x 2 modulation vector with the FS nesting vec-
tor, and the sharp gap-like feature in the DOS suggests the lattice distortion is from a
commensurate bulk CDW state in Na,Ti,Sb,O. The observed conventional CDW order
suggests a phonon-mediated mechanism is likely responsible for the superconductivity
in the Na,Ti,Sb,O system.
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