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A family of titanium oxypnictide materials BaTi2Pn2O (Pn = pnictogen) becomes superconduct-
ing when a charge and/or spin density wave is suppressed. With hole doping, isovalent doping and
pressure, a whole range of tuning parameters is available. We investigate how charge doping controls
the superconducting transition temperature Tc. To this end, we use experimental crystal structure
data to determine the electronic structure and Fermi surface evolution along the doping path. We
show that a naive approach to calculating Tc via the density of states at the Fermi level and the
McMillan formula systematically fails to yield the observed Tc variation. On the other hand, spin
fluctuation theory pairing calculations allow us to consistently explain the Tc increase with doping.
All alkali doped materials Ba1−xAxTi2Sb2O (A=Na, K, Rb) are described by a sign-changing s-
wave order parameter. Susceptibilities also reveal that the physics of the materials is controlled by
a single Ti 3d orbital.

Introduction.- The first layered titanium oxypnictides
Na2Ti2As2O and Na2Ti2Sb2O were synthesized three
decades ago [1] and discussed in terms of spin den-
sity wave (SDW) or charge density wave (CDW) behav-
ior [2, 3]. Nine years ago, superconductivity was discov-
ered in BaTi2Sb2O [4] and BaTi2Bi2O [5]. By analysis of
the BaTi2(As1−xSbx)2O solid solutions it quickly became
apparent that superconductivity is favored by a suppres-
sion of the CDW/SDW phase [6, 7]. An extensive dis-
cussion of the phase transition observed in resistivity and
magnetic susceptibility [2, 4, 8, 9] as well as thermoelec-
tric power and Hall coefficient [10] concerns the question
whether it should be characterized as a CDW transition
or if it is in fact an SDW transition. Experimental evi-
dence from nuclear magnetic resonance (NMR) [11] and
muon spin relaxation (µSR) [12, 13] does not completely
resolve the question.

Shortly after the discovery of superconductivity, it was
realized that both charge doping on the barium site and
isovalent doping on the pnictogen site provide opportuni-
ties to control the superconductivity of BaTi2Sb2O in a
significant range. Hole doping via alkali metals increases
Tc from 1.2 K to 5.5 K in Ba1−xNaxTi2Sb2O [9, 12],
to 6.1 K in Ba1−xKxTi2Sb2O [14], to 5.4 K
in Ba1−xRbxTi2Sb2O [15] and to 4.4 K in
Ba1−xCsxTi2Sb2O [16]. The maximum Tc is reached
near an alkali content of x = 0.2 to 0.3. Isovalent doping
via Sb/Bi mixing yields an intriguing two-dome Tc
evolution with a non-superconducting or low Tc phase
in between [6, 17]. More recently, pressure has been
demonstrated to be an effective control parameter for
superconductivity [18].

The nature of superconductivity in the titanium oxyp-
nictides has been discussed since its discovery [19]. Ex-
perimentally, an s-wave gap has been inferred from nu-
clear quadrupole resonance (NQR) measurements [11],
and specific heat is partially consistent with BCS ex-
pectations [20]. However, µSR measurements have
been taken to indicate an unconventional pairing mech-

anism [21]. An NMR/NQR study points to significant
differences in the superconductivity of BaTi2Sb2O and
BaTi2Bi2O [22].

Theoretically, calculations of electron-phonon coupling
have shown that the small transition temperature of
BaTi2Sb2O can be explained by an electron-phonon
mechanism [23]. On the other hand, based on the Fermi
surfaces a sign-changing s-wave state has been predicted
within spin fluctuation theory [24]. While the presence
of magnetism has not been fully established in the tita-
nium oxypnictides, an extensive density functional the-
ory (DFT) study and symmetry analysis of the nematic-
ity and charge order in BaTi2Sb2O have provided strong
evidence that these materials cannot be understood with-
out taking spin fluctuations into account [25].

While the electronic structure of individual titanium
oxypnictide metals [26, 27] and superconductors [24, 28,
29] has been studied repeatedly, there is no theory for
the evolution of properties with doping. Our study is
intended to fill this gap. In this work, we show that
we can consistently explain the evolution of the super-
conducting Tc with alkali doping using spin fluctuation
theory and that the superconducting gap function has a
sign-changing s-wave symmetry.

Methods.- We perform electronic structure calculations
using the full potential local orbital (FPLO) basis set [30]
and generalized gradient approximation (GGA) to the
exchange and correlation potential [31]. We use smooth
interpolations of lattice parameters of the P4/mmm
space group (see Ref. 32, Fig. S1) and optimize the anti-
mony positions within GGA. The charge doping is mod-
eled via the virtual crystal approximation on the bar-
ium site. We use projective Wannier functions within
FPLO [33] to obtain 26 band tight binding models in-
cluding Ti 3d and 4s, Ba 5d, Sb 5p and O 2p orbital char-
acters. The models follow DFT bands and Fermi surfaces
to a high degree of accuracy (see Ref. 32, Fig. S2). Based
on the tight binding model, we calculate non-interacting
susceptibilities χpq

st (q). We apply the random phase ap-
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FIG. 1. (Color online) Density of states at the Fermi level
N(EF) shown together with experimental superconducting
transition temperatures Tc for doping with three different al-
kali ions. Tc data are from Ref. 9 and 20 for Na doping,
Ref. 14 for K doping, Ref. 15 for Rb doping.

proximation (RPA) and investigate the pairing instabil-
ities within spin fluctuation theory by solving the gap
equation on the Fermi surface [34–37]. Interaction pa-
rameters of U = 2 eV (intra-orbital Coulomb repulsion),
U ′ = 1 eV (inter-orbital Coulomb repulsion), J = 0.5 eV
(Hund’s rule coupling and J ′ = 0.5 eV (pair hopping),
applied to Ti 3d orbitals, were used for RPA and pairing
calculations.

Results.- The titanium oxypnictide superconductors
have been treated as simple Bardeen, Cooper, Shrief-
fer (BCS) type superconductors in various experimen-
tal [4, 11, 15, 20, 38] and theoretical [23] studies. As a
straight-forward attempt to understand the Tc tenden-
cies, we extract the density of states at the Fermi level
N(EF) as a function of doping and try to apply the BCS
formula Tc = 1.134TD exp

(
− 1

V N(EF)

)
(with Debye tem-

perature TD and electron-phonon coupling potential V ).
Assuming constant TD and V , this formula and its more
sophisticated variants yield Tc trends that essentially fol-
low N(EF).

Unfortunately, as Fig. 1 shows, there is very little sim-
ilarity between N(EF) and Tc evolution with doping. In
the case of alkali doping of BaTi2Sb2O, Tc quickly in-
creases from Tc = 1.2 K to a maximum that is reached
between doping levels of x = 0.1 to 0.3. Meanwhile,
N(EF) remains constant until x = 0.1 before going
through a minimum at x = 0.23 (Fig. 1). Based on
this analysis, superconductivity in these materials could
only be explained by an electron-phonon mechanism if
the strength of electron-phonon coupling was extremely
doping-dependent, so that it counteracts the unhelpful
trends in N(EF). However, this seems very far-fetched.
Therefore, we now turn to the possibility that the de-
tailed evolution of the Fermi surface nesting provides
doping dependencies strong enough to explain the evo-
lution of Tc within spin fluctuation pairing theory.

Now we identify the most relevant orbitals at the Fermi
level. In Fig. 2 (a), we show the band structure and den-
sity of states of BaTi2Sb2O with Ti 3d and Sb 5p orbital
character highlighted. The system is in general quite
strongly hybridized and many orbitals contribute to the
states close to the Fermi level. Taking a closer look, we
find that the most relevant Ti 3d orbital for the low en-
ergy physics is 3dxy followed by 3dxz,yz. To visualize
the Ti 3dxy orbital, we choose a local coordinate sys-
tem for Ti where the z-axis points along the Ti-O bond
and x- and y-axes point along Ti-Sb bonds. This is the
natural local system to choose within the TiO2Sb4 oc-
tahedron [27] (Fig. 2 (b)), since it makes 3dxz and 3dyz
degenerate. Fig. 2 (c) shows the 3dxy Wannier functions
at both titanium sites (Ti1 and Ti2) based on this coor-
dinate choice.

We now analyze the Fermi surface evolution with al-
kali doping (Fig. 3). Only Ti 3dxy and Sb 5p weights
are highlighted (see Ref. 32, Fig. S3 for the other 3d
weights). The BaTi2Sb2O Fermi surface is in excellent
agreement with angle resolved photoemission (ARPES)
experiments [39, 40] (see Ref. 32, Fig. S4). We see that
the hole Fermi surfaces at X and Y grow with doping
while the electron Fermi surface at M shrinks slightly.
The Fermi surface at Γ, which is dominated by Sb 5p,
shows a rather complicated reconstruction as a function
of doping.

In order to measure the relative importance of the
Fermi surface changes, we turn to non-interacting sus-
ceptibilities calculated with the 26 band tight binding
models on 50 × 50 × 50 integration meshes. Fig. 4
shows that the total susceptibility χ0 is clearly peaked
at q = (π, 0, 0) (labeled X) and q = (0, π, 0) (labeled Y ).
Previously, this has been noted based on the Lindhard
function calculated without matrix elements [24, 28].
With alkali doping, the peaks at X and Y decrease, and
they also move away from the high symmetry point to-
wards Γ. At the same time, χ0 at q = (0, 0, 0) decreases.
Interestingly, the doping trends of the total χ0 and χxy

0

differ: While the ratio between X and Γ values of χ0

hardly changes with doping, this ratio sharply increases
for χxy

0 due to increases at X combined with decreases
at Γ. This improved nesting is shown in Fig. 4 (b) for
Ti1, but equally applies to Ti2 where the Y to Γ ratio
increases sharply. Furthermore, even though the Fermi
surface shows substantial kz dispersion, we can find the
improved nesting also in theR to Z ratio. Meanwhile, the
other orbitals, which are of some significance at the Fermi
level (3dxz and 3dyz), have a comparatively featureless
susceptibility (Fig. 4 (c)) which uniformly decreases with
doping. Note that calculations without matrix elements,
i.e. solely based on the Lindhard function, do not con-
tain the orbital-resolved information we just discussed.
Since alkali doping seems to lead to an overall decrease
in susceptibility, but strongly enhances the susceptibility
of the Ti 3dxy orbitals, we can expect them to be the
main actor in Tc changes with doping.

Since the similarity of susceptibilities along the kz = 0
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FIG. 2. (Color online) (a) GGA band structure and density of states of BaTi2Sb2O. (b) Crystal structure of BaTi2Sb2O with
shaded TiO2Sb4 octahedra. (c) Ti 3dxy Wannier functions within the Ti2Sb2O layer of BaTi2Sb2O.

FIG. 3. (Color online) Fermi surfaces of Ba1−xNaxTi2Sb2O
at kz = 0 as function of doping level x, calculated within
GGA.

and kz = π paths in Fig. 4 (a) indicates a high degree
of two-dimensionality, we now focus on the 2D cuts of
susceptibility and pairing in Fig. 5. It is clear that fea-
tures of the non-interacting susceptibility χ0 (see Ref. 32,
Fig. S5), especially peaks at q = (π, 0) and q = (0, π),
are enhanced in the interacting susceptibility obtained
by random phase approximation (Fig. 5 (a)), reminiscent
of single orbital system behaviour. These instabilities
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FIG. 4. (Color online) Non-interacting susceptibility of
Ba1−xNaxTi2Sb2O for eight doping levels x. (a) total, (b)
3dxy contribution from Ti1, (c) 3dxz and 3dxz contributions
from Ti1. q = (π, 0, 0) is labeled as X, q = (0, π, 0) as Y ,
q = (π, π, 0) as M , q = (0, 0, π) as Z, q = (0, π, π) as R,
q = (π, π, π) as A and q = (π, 0, π) as T .

would now favor stripe-type magnetism which, however,
has not been observed for BaTi2Sb2O [11–13].

Here, the (π, 0) and (0, π) instabilities favor a sign-
changing s-wave superconducting order parameter: The
gap functions corresponding to the leading eigenvalue
λ, obtained using spin fluctuation theory, are shown
in Fig. 5 (c) and (d) for for two different doping lev-
els. Subleading dxy- and dx2−y2-type solutions have
far smaller eigenvalues and are, therefore, irrelevant in
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FIG. 5. (Color online) Two-dimensional susceptibility and gap functions of Ba1−xNaxTi2Sb2O. (a) Spin susceptibility χs

calculated within RPA for x = 0, showing enhanced maxima at q = (0, π) and q = (π, 0). (b) and (c) Eigen functions for the
leading eigenvalue of the gap equation at zero doping (c) and at maximal doping (d). The sign-changing s-wave persists at all
doping levels.
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FIG. 6. (Color online) Leading eigenvalues λ of the gap equa-
tion as a function of doping level x. Tc data are from Ref. 9
and 20.

Ba1−xNaxTi2Sb2O. The eigenvalue λ increases as a func-
tion of alkali doping (Fig. 6), and follows the doping trend
of the maxima in the susceptibility (Fig. 4 (a)). Thus, the
increase of Tc with alkali doping (Fig. 1) is clearly ex-
plained by the susceptibility trends rather than the den-
sity of states at the Fermi level. By performing the pair-
ing calculations on 3D Fermi surfaces, we have verified
that the sign-changing s-wave is indeed the dominating
solution for all alkali doped materials Ba1−xAxTi2Sb2O
(A=Na, K, Rb).

At low alkali doping levels we have found an order
parameter, which contains nodes on the Fermi surface
sheets around M and a relatively large gap on the central
Fermi surface sheets around Γ. With increasing doping,
the Fermi surface sheets around M become nodeless, but
the reconstructed sheets around Γ, which are almost ex-
clusively of Sb 5p character, are hardly gapped at all.
Those strongly non-uniform order parameters need to

be taken into account when interpreting thermodynamic
and other experiments trying to determine the symmetry
of the superconducting state in titanium oxypnictides.
Conclusions.- We have investigated the electronic and

superconducting properties of Ba1−xNaxTi2Sb2O using
density functional and spin fluctuation theory. We mod-
eled the crystal structure evolution using an interpolation
of experimental lattice parameters and a DFT predicted
antimony position. The density of states at the Fermi
level N(EF) shows a trend which is in sharp contrast to
the evolution of the superconducting Tc, indicating that
transition temperatures may not be accounted for by an
electron-phonon mechanism.

Although the band structure and density of states show
that constituents of Ba1−xAxTi2Sb2O (A=Na, K, Rb)
are strongly hybridized and many orbitals lie close to
the Fermi level, we have found that the susceptibility is
completely dominated by the Ti 3dxy orbitals.

Proceeding on the assumption of a magnetic pairing
mechanism, which has been suggested by an investiga-
tion into the nematicity of BaTi2Sb2O in Ref. 25, we
find that we can satisfactorily explain the Tc trend with
a spin fluctuation pairing mechanism. We find that a
sign-changing s-wave order parameter with non-uniform
gap size on the various Fermi surface sheets clearly dom-
inates in Ba1−xNaxTi2Sb2O at all doping levels. Ex-
plaining the nontrivial transition temperature trends of
titanium based superconductors with isoelectronic dop-
ing and pressure are interesting future fields of study.
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FIG. S1. Interpolation of experimental lattice constants.

I. CRYSTAL STRUCTURES

We use experimental lattice parameters for
Ba1−xNaxTi2Sb2O from Ref. 1, for Ba1−xKxTi2Sb2O
from Ref. 2 and for Ba1−xRbxTi2Sb2O from Ref. 3.
They are shown as symbols in Fig. S1. We smoothly
interpolate the lattice parameters in order to sample
the doped crystal structures at regular intervals. The
antimony positions are the only free positions in the
P4/mmm crystal structures, and we obtain them by
relaxation using FPLO basis [4] and GGA exchange
correlation functional. We model the alkali doping x by
using the virtual crystal approximation for Ba, using a
nuclear charge between Z = 55 and 56.
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FIG. S2. Comparison between density functional theory and
tight binding model for BaTi2Sb2O. (a) Band structure, (b)
density of states, (c) Fermi surface at kz = 0 and (d) Fermi
surface at kz = π. The agreement is excellent.

II. TIGHT BINDING MODEL

We use projective Wannier functions within FPLO [5]
to construct faithful tight binding models of BaTi2Sb2O
and the alkali doping series. Fig. S2 shows the quality
of fit for band structure, density of states and Fermi sur-
face of BaTi2Sb2O; the agreement is nearly perfect. To
achieve this, we need to include 26 orbitals: Ten Ti 3d
orbitals, two Ti 4s orbitals, six Sb 5p orbitals, five Ba 5d
orbitals and three O 2p orbitals.

III. ELECTRONIC STRUCTURE

Figure S3 shows the weight of all 3d orbitals of Ti1 for
BaTi2Sb2O. The Ti2 3d orbitals have weights which are
90 degree rotated with respect to Ti1 (not shown). The
dominating orbital is Ti 3dxy, and 3dxz, 3dyz orbitals
have some weight at the Fermi level as well. 3dz2 and
3dx2−y2 orbitals contributions are negligibly small.

Figure S4 shows the Fermi surface of
Ba1−xNaxTi2Sb2O at x = 0.05 and compares fa-
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FIG. S3. 2D Fermi surface of BaTi2Sb2O with Ti 3d orbital
character. All weights are shown with the same scale. 3dxy
clearly dominates, followed in importance by 3dyz/3dxz. 3dz2
is very faint, and 3dx2−y2 character is negligible. Weights of
the second Ti site are 90 degree rotated with respect to the
first so that the sum has the C4 symmetry of the space group.
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FIG. S4. Fermi surface of Ba0.95Na0.05Ti2Sb2O at kz = 0,
kz = 0.5π and kz = π, calculated within GGA.

vorably with the angle resolved photoemission (ARPES)
experiment of Ref. [6].
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FIG. S5. Non-interacting susceptibility χ0 for BaTi2Sb2O.

IV. NON-INTERACTING SUSCEPTIBILITY

The non-interacting susceptibility χ0 is shown in
Fig. S5. This is based on a 3D calculation of χ0 on a
25× 25× 9 grid using a 25× 25× 9 integration grid. The
qz = 0 cut shown in Fig. S5 is extracted using a 100×100
interpolation grid. The same interpolation grid was used
for the interacting susceptibility χs shown in the main
text, Fig. 5 (a).
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