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The compounds Na2Ti2Pn2O (Pn ) As, Sb) crystallize in the anti-K2NiF4 structure type
in the space group, I4/mmm, with Z ) 2 and the lattice parameters a ) 4.0810(9) Å and c
) 15.311(3) Å for the As analogue at 310 K and a ) 4.160(2) Å and c ) 16.558(7) Å for the
Sb analogue at 150 K. The structure consists of edge-shared ∞

2[Ti4/2Pn2O4/4]2- layers sepa-
rated by double layers of Na+. These compounds exhibit an anomalous transition in the
temperature-dependent magnetic susceptibility at Tc

onset ) 330 K for the As analogue and
Tc

onset ) 120 K for the Sb analogue. Temperature-dependent powder neutron diffraction has
been performed to investigate the magnetic spin ordering and structure symmetry breakdown
of the compounds; however, no scattering due to magnetic spin ordering or symmetry change
has been detected. The temperature-dependent electrical resistivity of these compounds also
exhibits an anomaly reminiscent of CDW (charge-density-wave)/SDW (spin-density-wave)
materials. The As analogue shows an insulator-to-insulator transition around 135 K whereas
the Sb analogue shows a metal-to-metal transition around 120 K that corresponds well to
the onset of the anomaly in the magnetic susceptibility. The similarity and difference in the
physical properties between the As and Sb analogues as well as related compounds will be
discussed.

Introduction

Recently, there have been extensive studies on lay-
ered transition metal suboxides, such as pnictide-
oxides1-21 and oxychalcogenides.22-30 In these com-

pounds, pnictogen, chalcogen, and oxygen all exist as
anions. Because of this mixed anionic environment, sub-
oxides tend to have unique structures that are rarely
observed in simple oxide materials. For instance, many
mixed-layer compounds have been discovered in
pnictide-oxides1-10 and oxychalcogenides28-30 where
the structure consists of ThCr2Si2-type metal-pnictide
or metal-chalcogenide layers alternating with CuO2

2--
type square planar metal-oxide layers. Among the
suboxides, those with layered structure types are of
particular interest because the physical properties are
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affected by both inter- and intralayer interactions.
Furthermore, theoretical physics of layered compounds
is relatively well established; thus, experimentally
observed features can be compared with the theoretical
models to further the understanding of the structure-
property relationships.

Na2Ti2Pn2O (Pn ) As, Sb) are layered pnictide-oxide
compounds that were first discovered by Adam et al. in
the early 1990s.13 To our knowledge, this is the only
pnictide-oxide containing Ti3+, a d1 transition metal.
Geometrically, the structure of Na2Ti2Pn2O (Figure 1)
is the K2NiF4 type, which is also seen in cuprate high-
Tc superconductors such as La2-xBaxCuO4-δ.31 The K2-
NiF4 structure type consists of layers of a vertex-shared
octahedral unit, ∞

2[NiF2F4/2]2-, stacked in a body-cen-
tered fashion separated by single layers of K+ along the
c axis. This configuration corresponds to ∞

2[ONa2-
Ti4/2]2- layers (Figure 2a) and Pn3- layers of Na2Ti2Pn2O
where positions of cations and anions are reversed from
those in the K2NiF4 type. Thus, the chemical structure
of this compound should be classified as the anti-K2-
NiF4 type. In addition, by considering the interatomic
distances, oxidation states of each element and Zintl
electron counting rule,32 it is reasonable to view these
compounds as edge-shared ∞

2[Ti4/2Pn2O4/4]2- layers
(Figure 2b) interspersed by double layers of Na+. In the
[Ti4/2Pn2O4/4]2- unit, Ti3+ is located between two O2-

forming a square planar layer, [Ti4/2O]4+, which is an
anticonfiguration to the [CuO4/2]2- layer observed in
high-Tc cuprates. There are only a few examples of
layered compounds with anti-[CuO4/2]2--type layers; one
such example is Na1.9Cu2Se2Cu2O.33 Ti3+ is also four-
coordinated by Pn3-, forming a [Ti2Pn2O4/4]2- unit where
Pn3- is located above and below the center of the
[Ti4/2O4/4]4+ square unit. This Ti coordination of the
[Ti4/2Pn2O4/4]2- unit is also observed in a few rare earth
oxysulfides with sulfur replacing the Pn.22-24

We have previously measured the temperature-de-
pendent magnetic susceptibility and electrical resistivity
of the Sb analogue, Na2Ti2Sb2O, and have discovered
that this compound exhibits a sharp drop in magnetic
susceptibility and a metal-to-metal transition in the
electrical resistivity at Tc ∼ 120 K reminiscent of CDW/
SDW materials.16 In addition, temperature-dependent
powder neutron diffraction was performed on this
compound to investigate this anomaly.20 We have found
a structure distortion in the ∞

2[Ti4/2Sb2O4/4]2- layer
coincident with the Tc of magnetic susceptibility and
resistivity, suggesting strong electron-phonon interac-
tion as the origin of the anomaly. These investigations
of the structure-property relationship of the Sb ana-
logue have generated much interest. For example, the
electronic structure of Na2Ti2Sb2O has been studied by
two groups,34,35 and a CDW/SDW as the origin of the
physical property anomaly has been suggested. In
addition, a theoretical model of the magnetic interaction
of Ti3+ in this compound has been proposed.36,37

In this paper, we report further investigations of the
Na2Ti2Pn2O system by synthesizing the bulk sample of
the As analogue and comparing its physical properties
to that of the Sb analogue. For both Sb and As
analogues, electrical resistivity and magnetic suscepti-
bility were measured under various temperatures and
magnetic fields. Also, temperature-dependent powder
neutron diffraction has been performed. The results
from these experiments as well as the effect of Pn3- on
the physical properties of the Na2Ti2Pn2O system will
be discussed.

Experimental Procedures

Sample Preparation. Polycrystalline samples were pre-
pared by solid-state sintering of Na2O (Johnson Matthew 98%),
Ti (Cerac 99.98%), and As (Johnson Matthey 99.999%) or Sb
(Cerac, 99.999%). A preliminary purity check on these starting
materials by powder X-ray diffraction indicated that the batch
of Na2O contained a few percent of Na2O2 as an impurity
phase. Thus, the stoichiometry was adjusted to have the exact
Na content in the product as

where 1 e x e 5 depends on the batch of the Na2O used.20
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Figure 1. Crystal structure of Na2Ti2Pn2O (Pn ) As, Sb)
showing alternation of ∞

2[Ti4/2Pn2O4/4]2- layers and double
layers of Na+.

xNa2O2 + (100-x)Na2O + 200Ti +
200Pn f 100Na2Ti2Pn2O + 0.5xO2
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This stoichiometric ratio of the starting materials was mixed
in an agate mortar in an argon-filled drybox. The resulting
powder mixture was pelletized and sealed in a pre-etched Ta
tube under nitrogen gas. Finally, the Ta tube was sealed in a
fused silica ampule under 1/5 atm of argon. The sample was
quickly heated to 1000 °C, held for 3 days, and furnace-cooled.
The product retained the pellet shape and had a dark gray
color.

Powder X-ray Diffraction. The product purity was checked
by powder X-ray diffraction on an Enraf Nonius Guinier
camera utilizing Cu KR1 radiation with silicon (NBS SRM
640b) as an internal reference for both As and Sb compounds.
The film was scanned and digitized using Film Scan38 and Jade
software.39 Powder diffraction was also performed on a Si-
emens D500 X-ray diffractometer at room temperature using
Cu KR radiation for the As analogue because the intensity data
from the Guinier camera for the As analogue was too low to
analyze for its phase purity. The powder diffraction pattern
was compared with the calculated pattern based on the
previously published single-crystal crystallographic data13 and
gave excellent agreement in 2θ positions and intensities.

Magnetization Measurement. The field- and tempera-
ture-dependent magnetization was measured on a commercial
SQUID magnetometer (MPMS XL, Quantum Design). The
temperature dependence was measured between 10 and 750
K for the As analogue and between 10 and 300 K for the Sb
analogue under 10 000 Oe. The field-dependent magnetization
was measured between 0 and 5 T at 195 and 360 K for the As
analogue and 75 and 150 K for the Sb analogue to investigate
the difference in magnetization above and below the Tc. For
all the measurements, about 0.1 g of the sample was used,
and it was sealed in a fused silica tube under a high vacuum
to prevent its decomposition reaction with the air.

Powder Neutron Diffraction. The magnetic spin ordering
and structural change of the Na2Ti2Pn2O system was inves-
tigated by powder neutron diffraction on the DUALSPEC
diffractometer at the Chalk River Laboratories of AECL
(Atomic Energy of Canada Limited). Diffraction patterns were
acquired for both As and Sb compounds using a λ ) 2.3692 Å
wavelength neutron beam. The sample was enclosed in a
vanadium tube sealed with an indium gasket. Temperature
was controlled by a helium closed-cycle cryostat. The diffrac-

tion data were collected above and below the Tc of both
compounds.

Electrical Transport Measurement. The electrical re-
sistivity was measured by the four-probe method using a
Quantum Design SQUID magnetometer (MPMS XL system).
Platinum leads are attached to the cylindrical-shaped sintered
sample of the approximate dimensions 2.8 mm (diameter) ×
5 mm (length), using sodium metal as the contact material.
The sample was placed on a LakeShore electrical property
measurement holder, and it was coated with Kapton tape and
UHU-epoxy to prevent its decomposition reaction with the air.
The resistivity was measured between 10 and 360 K for the
As analogue and between 10 and 300 K for the Sb analogue.
Ohmic behavior was observed over the applied current range
of 0.05-1.00 mA at room temperature, and the applied current
of 0.10 mA was chosen for the temperature-dependent mea-
surement for both compounds.

Results and Discussion

The powder X-ray diffraction results are shown in
Figure 3 for the As analogue and the Figure 3 inset for
the Sb analogue. The diffraction peaks are indexed
according to the calculated pattern based on the previ-
ously published Na2Ti2Pn2O structure.13 For the As
analogue, all the peaks were indexed, except the two
peaks at the 2θ positions, 32° and 41°, arising from the
presence of a small amount of an unidentified phase.
Among these peaks, the peak at 32° is found to increase
in intensity as the sample oxidizes. For the Sb analogue,
there was only one peak not indexed near 34°. When
these samples are exposed to the air, they decompose
to a darker gray phase in a few seconds and the volume
of the sample increases by approximately a factor of 1.5.

Temperature-dependent dc magnetic susceptibility
measurements were performed for both As and Sb
compounds (Figure 4). The data show a drop in the
susceptibility for both compounds; however, the Sb
analogue exhibits a sharper drop than the As analogue.
The As analogue has the Tc

onset (onset transition tem-
perature) ) 330 K, and the susceptibility gradually
decreases as temperature decreases down to Tc

min

(minimum susceptibility temperature) ) 195 K (Figure

(38) Film Scan: A Program for Digital Processing of Scanned Films,
v.2.0; Materials Data Inc.: Livermore, CA, 1999.

(39) Jade: A Program for Diffraction Pattern Analysis and Phase
Identification, v.5.0; Materials Data Inc.: Livermore, CA, 1999.

Figure 2. Atomic coordination in Na2Ti2Pn2O. (a) Octahedral coordination around O2+ where four Ti4+ are in the equatorial
positions and two Na+ are in the apical positions. (b) [Ti4/2Pn2O4/4]2- unit consisting of Ti-O square planar capped with two Pn3-.
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4). On the other hand, the Sb analogue has the Tc
onset )

120 K, and the susceptibility decreases as temperature
decreases down to Tc

min ) 75 K (Figure 4 inset). Both
compounds show no detectable differences between zero-
field-cooled and field-cooled susceptibility, and the
susceptibility decreases gradually above Tc

onset as tem-
perature increases. In addition, Curie-like tails40 were
observed below their Tc

min for both compounds. These
tails likely originate from a small fraction of paramag-
netic impurity phase, and they are believed to be
extrinsic to the Na2Ti2Pn2O for two reasons: First, the
magnitude of the tails can be correlated with the phase
purity of the sample and are sample-dependent. Second,
upon exposure to the air, both As and Sb compounds

decompose completely in a few seconds, and the sus-
ceptibility changes into simple Curie behavior.

Field-dependent magnetization at temperatures above
and below the Tc of both As and Sb analogues is shown
in Figure 5. For all the measurements, magnetization
exhibits a linear dependence upon applied field, indicat-
ing the presence of no ferromagnetic impurity in the
sample. For both compounds, magnetization above Tc

is about a factor of 3 larger than that below the Tc at
all applied fields, and no hysteresis behavior was
observed in a field loop measurement.

To investigate the magnetic spin ordering and struc-
tural change, powder neutron diffraction was performed
above and below the Tc for both compounds. The results
are shown in Figure 6 for both As and Sb compounds.
The data for the Sb compound are shown as an inset

(40) Gschneidner, K. A., Jr. J. Magn. Magn. Mater. 1985, 47&48,
57.

Figure 3. Powder X-ray diffraction pattern of Na2Ti2As2O and Na2Ti2As2O (inset). Solid line represents the experimental data
and short vertical toggles represent calculated Bragg reflection positions. Asterisks indicate the experimental reflections that
cannot be indexed based on the calculated diffraction pattern.

Figure 4. Temperature variation of dc magnetic susceptibility of Na2Ti2As2O and Na2Ti2Sb2O (inset) measured at 10 000 Oe.
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because these data have previously been published.20

This figure shows the diffraction profiles above and
below the Tc as well as the profile difference between
those. Lattice parameters were obtained from the
indexed neutron diffraction peak positions and refined
by the least-squares method (Table 1). One thing
noticeable from these data is that, within their standard
deviation, the lattice parameter a does not change above
and below Tc whereas the lattice parameter c decreases
below Tc. This observation agrees with previously

proposed 2T2g Jahn-Teller-like distortion of Ti3+ coor-
dination in the Sb analog20 where the bond distance
ratio of O-Ti-O/Sb-Ti-Sb increases below Tc. This
distortion is commensurate, and the same symmetry is
retained after the distortion. This commensurate distor-
tion is unlike the conventional Peierls transition41 for
which the periodicity of the distorted lattice has an
integral multiple of the undistorted lattice parameters
with the multiplicity equal to or greater than 2. The
signals observed in the difference plots (Figure 6) are
only due to the shift in Bragg peaks that originated from
the lattice parameter change, and no superlattice reflec-
tions due to magnetic spin ordering or symmetry break-
ing were observed for either compound. Thus, these

(41) Peierls, R. E. Quantum Theory of Solids; Clarendon Press:
Oxford, 1955.

Figure 5. Magnetization versus applied field of Na2Ti2As2O and Na2Ti2Sb2O measured above and below their magnetic transition
temperatures.

Figure 6. Powder neutron diffraction profiles of Na2Ti2As2O at 310 and 280 K along with their difference. The inset shows the
powder neutron diffraction profiles of Na2Ti2Sb2O at 150 and 15 K along with their difference.

Table 1. Lattice Parameters of Na2Ti2Pn2O Obtained
from Powder Neutron Diffraction

a (Å) c (Å)

Na2Ti2As2O at 280 K 4.0791(8) 15.316(2)
Na2Ti2As2O at 310 K 4.0810(9) 15.331(3)
Na2Ti2Sb2O at 15 K 4.161(2) 16.512(7)
Na2Ti2Sb2O at 150 K 4.160(2) 16.558(7)
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results indicate that the physical property anomaly is
not likely arising from simple antiferromagnetic order-
ing or a spin-Peierls transition.

The result of the temperature-dependent electrical
resistivity measurement exhibits the most pronounced
difference between the As and Sb analogues. The As
analogue exhibits an insulator-to-insulator transition at
Tc

mid ) 135 K (inflection point) (Figure 7). In contrast,
the Sb analogue exhibits a metal-to-metal transition at
Tc

mid ) 110 K with Tc
onset ) 120 K (Figure 7 inset),

corresponding to the onset of the magnetic susceptibility
anomaly. These behaviors are reminiscent of those in
the quasi-two-dimensional CDW/SDW materials such
as TlMo6O17

42 and P4W14O56,43 respectively, for metal-
to-metal and insulator-to-insulator transitions. Below
Tc, the resistivity increases for both the As and Sb
analogues.

The a lattice parameter is smaller for the As ana-
logue; therefore, Ti‚‚‚Ti metallic interaction in the As
analogue is expected to be greater than that in the Sb
analogue. Thus, more metallic conductivity was ex-
pected in the As analogue. However, the electrical
resistivity of the As analogue is higher than that of the
Sb analogue by approximately a factor of 10. There are
two hypotheses that can be used to explain the experi-
mental results. First, because Sb orbitals are more
diffuse, it is more metallic than As. Second hypothesis
is that the physical property anomaly in these com-
pounds is due to a CDW/SDW transition as predicted
by the theoretical calculations.34,35 The existence of a
CDW/SDW in two-dimensional compounds is rare com-
pared with that of the one-dimensional compounds
because the Kohn anomaly of the phonon, a precursor
of a CDW/SDW transition, in dimensions higher than
one is much less pronounced than that of a one-
dimensional system.44 However, there are some ex-
amples of two-dimensional materials that exhibit CDW/

SDW behavior such as tungsten43,45,46 and molybdenum
bronzes.47-50

The susceptibility decrease below Tc for both As and
Sb compounds can qualitatively be explained in terms
of gap opening at the Fermi surface caused by CDW/
SDW instability.43,51 The higher susceptibility above Tc
is due to Pauli susceptibility originating from conduction
electrons. The gap opening at the Fermi surface due to
CDW/SDW instability causes a decrease in conduction
electron concentration; thus, the magnetic susceptibility
decreases below Tc. Similarly, the increase in resistivity
at the Tc for both As and Sb compounds can be explained
in terms of a decrease in conduction electron concentra-
tion caused by the gap opening by CDW/SDW instabil-
ity.

The magnetic property differences between the As and
Sb analogues can be rationalized in terms of the dimen-
sionality of the compounds. A CDW/SDW is known to
be suppressed as the dimensionality of the system
increases. In the case of the Na2Ti2Pn2O system, the
As analogue has a smaller interlayer distance than the
Sb analogue. Thus, we can propose that the As analogue
has stronger interlayer interaction and therefore more
three-dimensional character than the Sb analogue. The
Sb analogue has a more pronounced magnetic transition
than the As analogue due to its higher CDW/SDW
amplitude arising from its lower dimensionality. This
CDW/SDW scenario is also supported by the previously
published temperature-dependent powder neutron dif-
fraction results of the Sb analogue. The diffraction
results show that there is a structural distortion at the

(42) Ramanujachary, K. V.; Collins, B. T.; Greenblatt, M. Solid State
Commun. 1986, 59, 647.

(43) Greenblatt, M. Acc. Chem. Res. 1996, 29, 219.
(44) Kagoshima, S.; Nagasawa, H.; Sambongi, T. One-Dimensional

Conductors; Springer-Verlag: Berlin, 1988; p 22.

(45) Greenblatt, M. Int. J. Mod. Phys. B 1993, 7, 3937.
(46) Lehmann, J.; Schlenker, C.; Touze, C. L.; Rötger, A.; Dumas,

J.; Marcus, J.; Teweldemedhin, Z.; Greenblatt, M. J. Phys. IV 1993, 3,
243.

(47) Buder, R. D. J.; Dumas, J.; Marcus, J.; Mereier, J.; Schlenker,
C. J. Phys. Lett. 1982, 43, L59.

(48) Greenblatt, M.; Ramanujachary, K. V.; McCarroll, W. H. J.
Solid State Chem. 1985, 59, 149.

(49) Greenblatt, M. Chem. Rev. 1988, 88, 31.
(50) Ganne, M.; Dion, M.; Boumaza, A.; Tournoux, M. Solid State

Commun. 1986, 59, 137.
(51) Kagoshima, S.; Nagasawa, H.; Sambongi, T. One-Dimensional

Conductors; Springer-Verlag: Berlin, 1988; p 102.

Figure 7. Electrical resistivity versus temperature of Na2Ti2As2O and Na2Ti2Sb2O (inset).
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same temperature as the Tc of resistivity and magnetic
susceptibility, providing the evidence for strong electron-
phonon interaction. The electrical conductivity differ-
ences between the As and Sb analogues might be
attributed to their electronic structure differences. The
higher conductivity of the Sb analogue might be due to
its better overlap of orbitals in the two-dimensional
layer and a wider band relative to those of the As
analogue.

In conclusion, bulk properties of Na2Ti2As2O and Na2-
Ti2Sb2O have been measured and anomalous transitions
in the magnetic susceptibility and electrical resistivity
reminiscent of a CDW/SDW have been discovered. The
anomaly observed in the Na2Ti2Pn2O system is an
indication of a new kind of two-dimensional CDW/SDW
behavior. It is now of interest to confirm the existence
of a CDW/SDW in these compounds because electron-
phonon interactions of CDW/SDW materials are similar
to those of superconductors and play central roles in
anomalous and practical properties.52 Pressure-depend-
ent heat capacity measurement is underway because the
heat capacity of CDW/SDW materials is known to be
pressure-dependent.44,53 Furthermore, angle-resolved

photoemission experiments should be performed on a
single-crystal sample. The theoretical calculation pre-
dicts that the Sb analogue compound has a strongly
“nested” box-like Fermi surface, which induces the
CDW/SDW instability.34,35 Thus, a Fermi contour map
produced from the photoemission result can be used to
confirm the existence of the CDW/SDW.
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