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Possible explanation for the high superconducting Tc in bcc Ti at high pressure
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Motivated by unexpected reports of a 26 K superconducting transition in elemental titanium at high pressure,
we carry out an accurate ab initio study of its properties to understand the rationale for this observation. The
critical superconducting temperatures (Tc’s) predicted under the assumption of a phononic pairing mechanism
are found to be significantly lower than those experimentally observed. We argue that this disagreement
cannot be explained by an unconventional coupling, as previously suggested, or by the existence of competing
metastable structural phases. As a physically meaningful hypothesis to reconcile experimental and theoretical
results, we assume the presence of Ti vacancies in the lattice. Our first-principles calculations indeed show that
lattice vacancies can cause pressure-dependent phonon softening and substantially increase the electron-phonon
coupling at high pressure, yielding computed Tc’s in agreement with the experimental measurements over the
full pressure range 150-300 GPa. We expect the proposed Tc enhancement mechanism to occur on a general basis
in simple high-symmetry metals for various types of defects.
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I. INTRODUCTION

While room-pressure superconductivity measurements are
usually quite reliable, the interpretation of high-pressure
phase diagrams of materials is often nontrivial, due to in-
trinsic experimental limitations [1]: samples are often small,
pressure hysteresis is hard to control, in situ measurements
are obviously difficult, and the number of physical prop-
erties that can be independently measured is limited. In
light of this, first-principles calculations based on density
functional theory (DFT), play an essential role in high-
pressure superconducting research. Indeed few people would
nowadays object that DFT is the only framework that can
consistently predict and explain structural, electronic, dy-
namical, and superconducting properties of materials [2].
As such, DFT-based calculations are becoming increasingly
accepted as an independent source of validation for new
high-pressure experimental discoveries. To give a few exam-
ples, reports of high-pressure superconductivity in sulfur [3],
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phosphorus [4], and lanthanum hydrides [5,6], having been
confirmed by extensive and independent ab initio simula-
tions [7–11], are now considered established results. On
the other hand, the reports of room-temperature supercon-
ductivity in carbon sulfur hydride [12] and, more recently,
N-doped Lu hydride [13,14], which have not yet found con-
vincing theoretical explanations [15–19], are still considered
controversial.

This paper deals with another recent disputed case in su-
perconducting research at high pressure: the observation of
a relatively high-Tc superconducting phase (Tc = 26 K) in
elemental titanium at high pressure (200–300 GPa), which
has been reported independently by two groups [20,21],
yet explained in terms of conflicting pairing mechanisms
based on different DFT results for the electron-phonon
coupling. The thermodynamically stable phase of titanium
in the 200–300 GPa pressure range is bcc (Im3m). For
this phase, Zhang and coworkers [20] have calculated a
phonon-mediated Tc of � 5 K, thereby attributing the large
discrepancy with the experimental data to unconventional
pairing, experimental artifacts and/or other effects. On the
other hand, Liu and collaborators [21] claim that their mea-
surements can be explained within standard electron-phonon
superconducting theory. However, the electron-phonon cou-
pling constant they compute is so large that an extremely
high value of the Coulomb pseudopotential μ∗ must be
introduced ad hoc in the McMillan formula so as to re-
produce the experimental results. Therefore, despite the
consensus on the experimental measurements and the ap-
parent simplicity of the theoretical framework, a clear
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understanding of the origin of the high-temperature su-
perconducting phase in titanium at high pressure is still
missing.

In this work, using cutting-edge first-principles DFT cal-
culations, we independently investigate the superconducting
state of high-pressure phases of titanium, in order to establish
to what extent the experimental results can be understood
within the frame of conventional superconductivity. Our
simulations prove that the theoretically predicted Tc’s are
indeed much lower than the experimental measurements,
consistently with the calculations of Ref. [20]. We further
show that an unconventional pairing mechanism, driven by
an incipient magnetic instability, is incompatible with the
calculated electronic properties and that there are no com-
peting near-stability phases, which could justify the observed
Tc within conventional superconductivity. We propose and
substantiate by first-principles calculations a simple phys-
ical scenario in which the existence of structural defects
(Ti vacancies) in the bcc lattice could account for the
measured Tc’s by means of a conventional electron-phonon
mechanism.

II. METHODS

Normal-state properties have been computed within
DFT [22,23] as implemented in the QUANTUM ESPRESSO

code [24] using the PBE-Sol approximation [25] for the
exchange-correlation functional, which is generally more
accurate than PBE to predict the lattice properties of crys-
talline materials. Atomic core states have been included in
the norm-conserving pseudopotential approximation, using
pseudopotentials from the pseudo-Dojo distribution [26,27].
Valence states have been expanded in plane waves with
a kinetic energy cutoff of 100 Ry. Phonon frequencies
and electron-phonon coupling matrix elements have been
computed by means of density functional perturbation the-
ory [28–30]; different k (electrons) and q (phonons) grids
have been employed for reciprocal space integration, depend-
ing one the unit cell size (as listed in Sec. III B and in the
Supplemental Material [31]), with a Gaussian smearing width
of 0.02 Ryd. Superconducting properties have been obtained
within density functional theory for superconductors [32–35],
using the functional form proposed in Ref. [36], where
Coulomb interactions have been calculated in the random
phase approximation as implemented in the ELK code [37].
Further details are provided as Supplemental Material [31]
(see also Refs. [38–40] therein).

Crystal structure prediction calculations have been carried
out using evolutionary algorithms as implemented in the Uni-
versal Structure Prediction Evolutionary X-stallograpy code
(USPEX) [41,42] employing a fixed unit cell of eight atoms, an
initial population size of 40 individuals for the first generation,
and 20 individuals for the others, for a total of 20 genera-
tions. All generated crystal structures have been relaxed using
a five-step relaxation procedure with progressively tighter
constraints, using the Vienna ab initio Simulation Package
(VASP) [43], with projector augmented wave pseudopoten-
tials in the Perdew-Burke-Ernzerhof approximation for the
exchange-correlation functional. The total enthalpy at the fi-
nal step has been computed using k-space density of 0.25 k

FIG. 1. Comparison between theoretical and experimental super-
conducting critical temperatures of Ti at high pressure. Yellow and
orange squares denote the experimental results from Refs. [20,21].
Black and blue stars represent fully ab initio SCDFT predictions in
the δ and β phases for a perfect crystalline system and a lattice with
Ti vacancies, respectively. Background colors identify the range of
stability of the various structural phases. The corresponding crystal
structures are sketched using the same color coding.

points/Å, a Gaussian smearing of 0.03 eV, and a cutoff energy
of 600 eV.

III. RESULTS

A. δ and β phases of Ti

At ambient conditions, Ti crystallizes in a hexagonal
close-packed structure (Ti-α phase) stable until 8 GPa. On
increasing the pressure, a sequence of different phases is
found [44–46]: Ti-ω (8–100 GPa), Ti-γ (100–140 GPa), Ti-δ
(140–243 GPa), which is a distorted bcc crystal, and lastly the
Ti-β phase (bcc), stable from 243 GPa onwards (see Fig. 1).
Titanium is superconducting starting from the ω phase with
the highest temperature (Tc > 20 K) occurring at the bound-
ary between the δ and β phases. The experimental critical
temperatures agree reasonably well with the computational
predictions under the assumption of a conventional electron-
phonon mechanism for pressures below 120 GPa, i.e., for the
ω and γ phases; therefore, in this work we have focused on
the δ and β phases of Ti.

We have performed structural relaxations and electron-
phonon coupling calculations between 120 and 300 GPa, (at
120, 150, 200, 250, and 300 GPa), for the δ and β phases.
The calculated Tc’s are shown in Fig. 1 where they are com-
pared with the experimental data from Refs. [20,21]. As one
can see, while in the range between 120 and 150 GPa, the
calculated Tc is in good agreement with experiments [47],
beyond 150 GPa it rapidly drops departing from the ex-
perimental values, which stay almost constant: at 300 GPa
the predicted critical temperature Tc = 6.9 K is three times
smaller than the corresponding experimental estimate of 20 K.
Our results are consistent with the calculations in Ref. [20],
but disagree with those of Ref. [21]. In this regard we ob-
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serve that the “anomalous μ∗ scenario” put forward by Liu
et al. is ruled out when estimating μ∗ from first principles.
A nonempirical μ∗ can be defined as that number, which,
used in the McMillan equation [48], yields the ab initio value
of Tc. From the SCDFT value of Tc we can estimate μ∗
to be in the range 0.08–0.14, depending on the phase and
pressure. These values are a factor of two lower than that
proposed by Liu et al. [21] and totally normal for conventional
superconductors.

The disagreement we have found between calculations and
experiments may indicate an unconventional contribution to
the superconducting coupling, e.g., spin fluctuations, as it was
suggested in Ref. [20]. However, we believe this possibility
to be unlikely, because (i) the computed Fermi surface con-
sists of poorly nested pockets [49,50], and (ii) the calculated
magnetic susceptibility neither exhibits peaks [51,52] nor has
a strong momentum dependence, which would be necessary
to sustain a phase-dependent order parameter [53] (further
details on these points are provided as Supplemental Mate-
rial [31], see also Refs. [54,55] therein).

Another conceivable explanation may be that the crystal
phase where high T c occurs is not the thermodynamically
stable bcc one, but some other (possibly metastable) phase
formed due to the complex thermodynamical conditions for
high-pressure synthesis. We have explored this idea by means
of evolutionary crystal structure prediction based on DFT, as
implemented in the USPEX code [41,42]. The initial search
has been performed at 300 GPa and the best structures have
been then relaxed at several intermediate pressures down to
200 GPa. According to our results, at 200 GPa the ground-
state structure is indeed the bcc (Im3m space group) phase,
while the second-lowest local minimum exhibits a C2/c space
group, and an enthalpy 90 meV/atom higher than the Im3m
phase [56]. The C2/c phase can be viewed as a distorted bcc
phase, and indeed the calculated Tc is virtually identical to
the bcc one. We thus conclude that none of the phases close
to stability appear to be significantly different from the bcc,
nor they appear to have significantly stronger superconducting
pairing to justify a larger Tc.

A hint for solving this puzzle has come to us by study-
ing the pressure dependence of Tc within McMillan-Hopfield
theory [31,57,58]. This approach combines the McMillan
formula for Tc with the Hopfield expression for the electron-
phonon coupling λ = NF I2/(Mω2), where M is the atomic
mass, ω is a characteristic phonon frequency and I is the
electron-phonon deformation potential [59,60]. For fixed val-
ues of I and the density of states (DOS) at the Fermi
level (NF ), one observes that there is an optimal value
of ω, which maximizes Tc. For bcc Ti at 300 GPa this
optimal value turns out to be � 12 meV, which would
raise Tc to 16 K (it should be noted that the actual com-
puted ωlog is 34 meV, three times larger than the optimal
frequency). This analysis (see Ref. [31] for more details)
suggests that the observed high Tc in titanium under pres-
sure might result from an extrinsic effect able to lower the
phonon vibrational frequencies. We have explored this possi-
bility by considering the role of structural defects, and more
specifically Ti vacancies, which may likely appear in real
samples owing to the complex dynamics of high-pressure
synthesis.

B. Defective δ and β phases of Ti at high pressure

We have modeled a single vacancy in the high-pressure
phases of Ti (β or bcc-like δ) by removing a Ti atom from
a 2 × 2 × 2 supercell of the conventional bcc unit cell. For
this large simulation cell (containing 15 atoms) we have car-
ried out structural relaxation and computed the electronic,
vibrational, and superconducting properties as a function of
pressure. The results for Tc are shown in Fig. 1. The electron-
phonon couplings as a function of pressure are presented in
Fig. 2.

For the sake of simplicity, we will discuss primarily the
results at 300 GPa. The relaxed supercell (crystal structure
given in the Supplemental Material [31]) is dynamically stable
on a 4 × 4 × 4 phononic q grid. The corresponding elec-
tronic DOS, phononic DOS and electron-phonon coupling at
300 GPa are shown in Fig. 3, where they are compared with
the same quantities calculated for the ideal (nondefective)
phase at this pressure.

From the comparison of the behavior between Figs. 3(a)
and 3(b) it is clear that the significant distortion of the lattice
causes a smoothing of several sharp features in the electronic
DOS. Most importantly for superconductivity, it fills up a
sharp dip in the vicinity of the Fermi level increasing the DOS
at the Fermi energy from about 0.3 states/(eV atom) to about
0.48 states/(eV atom).

However, the most striking effect of the vacancies is ob-
served in the lattice dynamics, where we find a sensible
reduction of the average phonon frequency with respect to the
fully symmetric structure. This can be appreciated by compar-
ing the phonon DOS in Figs. 3(c) and 3(d). A detailed analysis
of the dynamical matrices and their atomic decomposition
in the defective bcc phase shows the existence of localized
(i.e., involving few-atom) modes, which strongly contribute
to the lowest DOS peak [marked as a blue area in Fig. 3(d)].
Indeed, the combined effect of the increased NF and softer
phonon modes leads to a much larger α2F coupling function
[Figs. 3(f) vs 3(e)], which integrates to a large coupling con-
stant λ = 1.3 (to be compared with λ = 0.49 for the ideal
bcc phase). The predicted Tc value for the defective phase
computed within SCDFT is 26 K, which is extremely close
to the experimental measurement at this pressure. Note that
the McMillan-Hopfield analysis now applied to the defective
system gives an optimal phonon frequency of 24 meV, close
to the calculated value of ωlog = 28 meV, which suggests we
may have achieved the highest Tc for Ti in this lattice type at
300 GPa.

By applying the same computational approach at lower
pressures to the defective β and δ phases, we have obtained
the critical temperatures reported as blue symbols in Fig. 1.
We find that our defective model results dynamically unstable
below 120 GPa, which, however, bears no relevance since Ti
undergoes a phase transition to the γ phase at 148 GPa. In-
terestingly, in the higher-pressure range, from 150–300 GPa,
we predict a Tc within 25–26 K, rather constant as a function
of pressure, in excellent agreement with the experimental
observations.

It is important to note that while our assumption of iso-
lated Ti vacancies seems to capture the correct mechanism of
phonon softening, more complex structural defects, such as
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(a) (b)

FIG. 2. Pressure dependence of the electron-phonon coupling α2F function in the range 120–250 GPa for the pristine bcc phase (left panel)
and the defective bcc phase (right panel) of compressed Ti.

grain boundaries or pairs of vacancy and interstitial atoms,
may also occur in the system. Unlike isolated vacancies, such
complex defects could evolve under pressure leading to the
seemingly experimental drop in Tc above 250 Gpa, which
cannot be explained by the emergence of new energetically
competitive phases (non-bcc-like metastable phases appear in
between 150 and 250 meV/atom above the hull). In this re-
gard we should point out that although pure Ti vacancies have
a formation enthalpy of ∼300 meV/atom, they get trapped
in the lattice at the phase transition and cannot disappear,
even if their formation energy is high. On the other hand,
energy barriers in structural transitions are easy to cross, and
a high-energy phase with the same enthalpy of the vacancy

would rapidly relax. Table I summarizes the comparison be-
tween the calculated values of the electron-phonon coupling
(λ), ωlog, and Tc for the defective and ideal bcc phases of
titanium.

IV. DISCUSSION AND CONCLUSIONS

We have considered the peculiar case of high-pressure
superconductivity at 20 K in bcc Ti recently reported by
Zhang and collaborators [20] and Liu and coworkers [21].
At 300 GPa this measurement is apparently in contrast with
the predictions from ab initio theory of electron-phonon su-
perconductivity, which yields a significantly lower critical

(a) (b)

)(c )(d

)(e )(f

FIG. 3. Electronic and vibrational properties of compressed Ti at 300 GPa in the pristine bcc phase (left panels) and defective bcc phase
(right panels). (a) and (b): electronic density of states (DOS). (c) and (d): phonon DOS. The blue shaded area in (d) highlights the contribution
from a single Ti atom with low bonding coordination. (e) and (f): electron-phonon α2F function and its integration curve up to λ. The
yellow vertical lines indicate the value of the logarithmic averaged phonon frequency ωlog. All extensive quantities are normalized to a single
Ti unit cell.
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TABLE I. Electron-phonon coupling parameters (λ, ωlog) and
SCDFT critical temperatures (Tc) as a function of pressure (P) for the
bcc, distorted (dist. bcc), defective (def. bcc), and defective distorted
(def. dist. bcc) structural phases of Ti studied in this work.

P (GPa) Structure λ ωlog (meV) Tc (K)

120 δ dist. bcc 1.32 21.5 22.6
150 δ dist. bcc 0.98 28.7 20.6
200 δ dist. bcc 0.77 32.7 16.9
250 β bcc 0.49 34.0 9.4
300 β bcc 0.49 34.1 6.9
150 def-δ def. dist. bcc 2.73 11.6 26.7
200 def-δ def. dist. bcc 1.39 23.1 24.4
250 def-β def. bcc 1.14 28.7 25.2
300 def-β def. bcc 1.24 28.4 26.3

temperature of approximately 6 K. It was suggested that this
anomaly could be an indication of an unconventional paring
mechanism [21].

In our work we present an alternative explanation for this
striking discrepancy between theory and experiments. Driven
by the observation that phonon frequencies in titanium are
extremely high, far from optimal values for superconductivity
compared to the deformation potential of Ti under pressure,
we have formulated the hypothesis that structural defects
might be able to optimize the phonon frequencies with re-
spect to the electron-phonon coupling, possibly leading to a
higher Tc. To verify this hypothesis we have investigated the
effect of vacancies on the structural, electronic, dynamical,
and superconducting properties of Ti by means of accurate
first-principles theory (without any semiempirical parame-
ters). We predict that Ti vacancies can substantially increase
the superconducting critical temperature under pressure, up to
values as high as 26 K, which is close to the experimental
estimate. Some additional considerations are in order:

(i) While the doping level we have considered is relatively
high (of the order of 7%), we expect the described mechanism
to be effective also at significantly lower defect density. In
fact, given the relatively long coherence length of the sys-
tem (about 6 nm as estimated from the superconducting gap
function and the Fermi velocity [61]), even if a relatively
small fraction of the sample volume (around the impurities)
supported high Tc, these regions could easily couple within
the coherence length of the condensate.

(ii) The effect of impurities becomes increasingly less rel-
evant at lower pressures. In fact, while at 300 GPa pure bcc Ti

has stiff phonons (ωlog = 35 meV), which can be effectively
softened by vacancies (ωlog = 28 meV), at low pressures
phonons are already soft and not significantly affected.

(iii) We think that the proposed Tc enhancement mecha-
nism should be quite general and effective also for other types
of defects (dislocations, grain boundaries, interstitials, etc.)
and in other superconducting materials. The possibility of this
effect to occur can be assessed through an analysis based on
McMillan-Hopfield theory, as shown in this work. However,
one should consider that the underlying assumption of this
method, i.e., that the relevant material parameters NF and I
are little affected by structural defects, appears reasonable for
simple high-symmetry metals, but is quite unlikely for com-
plex covalent compounds. In fact, when bonds are strongly
directional, vacancies tend to cause the presence of unpaired
electronic states pinned on the Fermi level, yielding major
modifications of the superconducting properties far beyond
lattice dynamics effects.

In conclusion we have proposed an explanation for the
high critical temperature in bcc Ti at high pressure, a puzzling
phenomenon recently observed. Our explanation is based on
the assumption that the system should locally develop Ti
vacancies in the bcc lattice. We predict that these defects
effectively lower the vibrational frequency and increase the
DOS at the Fermi energy, leading to a sizable increase of Tc.
We find excellent agreement between measured and computed
Tc values in the 150–300 GPa range. Our prediction could
find an experimental validation by observing that high-quality
samples have significantly lower Tc. On the other hand, in-
creasing the number of defects should increase Tc only very
slightly (by a few Kelvins).
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