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Superconductivity in the Ti–D system under pressure
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The pressure dependence of the superconducting transition temperature in TiD0.74 has been
measured up to 30 GPa in a diamond high-pressure chamber. It is found that the deuteride TiD0.74

becomes a superconductor at pressures corresponding to the transition to the high-pressurez
phase, with a transition temperature that increases from 4.17 to 4.43 K in the interval
P514– 30 GPa. The value extrapolated to atmospheric pressureTc(0)54.0 K is significantly
lower than the superconducting transition temperature (Tc55.0 K) measured earlier in
the metastable state obtained by quenching TiD0.74 under pressure. It is assumed that the significant
difference of the extrapolated value from the superconducting transition temperature in the
metastable state after quenching under pressure is caused by a phase transition on the path from
the stability region of thez phase under pressure to the region of the metastable state at
atmospheric pressure. ©1998 American Institute of Physics.@S1063-7834~98!00212-3#
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The T–c diagram of the Ti–H~Fig. 1! and Ti–D sys-
tems at atmospheric pressure includes the eutectoid equ
rium of the a, b, and d phases, based on the hexagon
close-packed~hcp!, body-centered cubic~bcc!, and face-
centered cubic~fcc! titanium sublattices, respectively.1–3 A
new phase,z,2,3 appears at a pressure of 2.05 GPa~3.4 GPa
in the deuterides! and a temperature of;560 K in the alloy
of eutectoid composition (x5H~D!/Ti'0.74). The structure
of the z phase directly under pressure has been determ
only by an x-ray method: It was found that, atP'5 GPa, in
the temperature intervalT5520– 720 K, the metal atoms i
the z phase are packed into a face-centered tetragonal~fct!
sublattice with a parameter ratio ofc/a50.89.2 In order to
study the properties of the new phase in more detail, it w
quenched to 80 K after heat treating the samples aT
>560 K under a pressure above 5 GPa. After quenching
der pressure, the single-phase state remained metasta
temperatures below 95~100! K all the way to atmospheric
pressure.4 The structural characteristics of the metasta
quenched state have been studied in detail atT<90 K by
inelastic neutron scattering and diffraction.3,5–7 In this state,
the hydrogen statistically occupies octahedral interstitial s
of the fct titanium sublattice,7 unlike phases that are stable
P51 atm, where the hydrogen is always located
tetrapores.1,6 Since the specific volumes of thez phase and
the metastable quenched state were extremely close to
other and much less (;10%) than in the other hydride
phases of this system, it was assumed that, in thez phase, the
hydrogen also was distributed over the octopores.2,7 How-
ever, the ratio of the lattice parameters in the state a
quenching was appreciably closer to unity than in thez
phase,c/a50.95.7 It was therefore assumed2,7 that the hy-
drogen distribution over the octopores can be different in
z phase than in the state after quenching, and the metas
quenched state was given an independent designation—tx
phase.

The difference in crystal structure must be reflected
1951063-7834/98/40(12)/3/$15.00
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the structure-sensitive physical properties. One of the cle
est features of thex phase is superconductivity with a tran
sition temperature that is high for the Ti–H~D! system@Tc

54.3 (5.0) K#,8,9 which is a result of the transition of th
hydrogen into the octopores. The superconductive prope
of the x phase have not previously been studiedin situ. For
this paper, we measured the pressure dependence of th
perconducting transition temperature inz-TiD0.74 up to
30 GPa and found that extrapolating theTc(P) dependence
for the z phase to atmospheric pressure gives a value lo
than was determined earlier for thex phase. The measure
ments were made on the deuteride, since it has a hig
superconducting transition temperature than does the
dride.

FIG. 1. Phase diagram of Ti–H. On the left is theT–c projection for
atmospheric pressure, and on the right is theT–P projection for the hy-
drides of the near-eutectoid state.3 The dashed lines denote the thermoba
treatment of thez phase and the unloading that results in the synthesis of
x phase~its region of metastability atP51 atm is hatched!. On theT–P
projection, the low-temperature boundary of the region of thez phase ends
with a dashed bifurcation, representing the region where the existence
second high-pressure phase is probable.
0 © 1998 American Institute of Physics
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1. TECHNIQUE

The initial two-phase deuteride of chemical compositi
D/Ti50.7460.01 was synthesized by the reaction of hig
purity (;99.98 at.%) titanium with deuterium gas, given o
by heating TiD2 ~see Ref. 10, for example, for more details!.
The deuterium content was determined by weighing. In or
for the small fabricated samples;0.130.130.03 mm to
maintain the average chemical composition, it was requ
that the microstructure of the two-phase deuteride be ho
geneous and fine-grained. The limiting comminution of
crystalline grain~the characteristic size of the Ti precipitat
in the matrix of theg phase was11 <100 Å) was accom-
plished by heat-treating and quenching to 80 K a pellet
TiD0.74under a pressure of 6.5 GPa, followed by decay of
quenchedx phase when the sample was quickly returned
normal conditions.

An apparatus with diamond anvils fabricated from no
magnetic materials was used to create high pressures.12 The
sample and crystals of a ruby standard were placed in
aperture of a metallic gasket 0.15 mm in diameter. A 4
methanol–ethanol mixture served as a pressure-transmis
medium. The pressure was varied and measured at r
temperature. The pressure was determined to wi
60.05 GPa from the shift of theR line of ruby. The super-
conducting transition was determined from ac measurem
of the magnetic susceptibilityx(T).13 The amplitude of the
variable 5.2-kHz magnetic field was 0.3 Oe. The hig
pressure apparatus was cooled as a whole to 1.5 K in a
ostat, and the measurements ofx(T) were made while heat
ing, using a ~Cu–Fe!–Cu thermocouple to measure th
temperature to within60.2 K. Because of the necessity
repeatedly heating the apparatus to vary and determine
pressure, a measurement cycle at each pressure took d

2. RESULTS AND DISCUSSION

In the rangeP<7 GPa in which theT–P diagram of the
Ti–D system was studied earlier,2 the line of the transforma
tion into the z phase was located at temperatures ab
450 K. Extrapolating this line makes it possible to estim
the transition pressure into thez phase when the sample
loaded at room temperature as approximately 10 GPa.
first measurement cycle ofx(T) was therefore carried out a
a pressure of 9.5 GPa. No superconducting transition
observed in this cycle. In the next cycle, under a pressur
P511.8 GPa, an anomalous superconducting transition
the x(T) isobar was clearly evident, although the jump
rather smeared out and has a low-temperature tail~Fig. 2!. A
further increase of the pressure to 30 GPa results in an
crease of the superconducting transition temperature, w
the jump becomes sharper and increases somewhat in
nitude. As the pressure is decreased, the supercondu
transition becomes still more distinct than in the process
loading the chamber. However, after the pressure is redu
from 11.2 to 8.2 GPa, the superconductivity in the sam
completely disappears, which is obviously associated w
the decay of thez phase at room temperature to the lo
pressure phase.
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The temperature at which the jump inx(T) reaches one
half was taken as the superconducting transition point. T
superconducting transition temperatures determined in
way are shown in Fig. 3 as a function of the pressure. It
be seen from this figure that theTc(P) dependence is clos
to linear in the regionP.12 GPa. On one hand, the devi
tion of the initial load pointP511.8 GPa from a linear de
pendence, as well as the smearing of the jump ofx(T), can
be regarded as evidence that the transition into a phase
superconducting properties was incomplete. On the o
hand, when theT–P diagram of the Ti–H system abov
4 GPa was studied, bifurcation of the anomalies of the e
trical resistance and the thermal effects of the transition i
the z phase was observed, and, based on this, the possib
that a second high-pressure phase exists was indicated.2 The

FIG. 2. Experimental curves of the temperature dependence of the mag
susceptibility of TiD0.74 under conditions of heating at fixed pressures~in-
dicated in GPa near the curves!. The arrows show curves recorded durin
unloading of the high-pressure chamber.

FIG. 3. Pressure dependence of the superconducting transition tempe
in z-TiD0.74. Transitions during loading are denoted by circles, and tran
tions during unloading are denoted by triangles. The initial load point pr
ably reflects a property of an intermediate phase, and therefore is not
in. For comparison, the superconducting transition temperature inx-TiD0.74

is shown by a square.8
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formation of some intermediate phase in a relatively narr
region of theT–P diagram can be another explanation of t
observed deviation.

The slope of the dependence for the load curve in
region P.12 GPa isdTc /dP50.016 K/GPa, and the slop
of the unloading curve is close to this value. Linear extra
lation of the Tc(P) dependence to atmospheric press
gives a value ofTc

054.060.05 K ~Fig. 3!, which is signifi-
cantly lower than the superconducting transition tempera
in the x phase obtained after thermobaric treatment (Tc

55.0 K). The entireTc(P) curve in the interval to 30 GPa
lies below 4.5 K. The strong noncorrespondence of one
the main superconductivity characteristics of thex and z
phases agrees with the assumption expressed earlier2,7 that it
is possible that the hydrogen sublattice is reconstructed
ing the transition from the stability region of thez phase
(P'5 GPa,T'650 K) into the region of the metastable e
istence of thex phase. The set of experimental facts sho
above makes it possible to discuss two mechanisms for s
a reconstruction.

The chemical composition of thez phase corresponds t
the composition of a number of possible tetragonally d
torted ordered inclusion superstructures.14 It is therefore ex-
tremely probable that the hydrogen in the high-press
phase is ordered below a certain temperature. This trans
cannot be recorded by differential thermal analysis beca
of kinetic or thermodynamic causes. If the hydrogen sub
tice of the z phase is ordered under the conditions fro
which its quenching is carried out, reconstruction of the
tahydrogen sublattice during thermobaric treatment and
return to atmospheric pressure can be the initial stage of
decay of thez phase as it becomes unstable; i.e., the dis
dering of the hydrogen can decrease the tetragonal disto
and increase the superconducting temperature in thex phase.
If, on the contrary, the hydrogen sublattice of thez phase is
disordered for the initial parameters of the quenching,
ordered superstructure could arise during the rather s
cooling in the experiments to measure the superconductiv
The question of the possibility of ordering in the hig
pressure phase can be definitively solved by a more deta
structural investigation under pressure.

Measurements of theTc(P) dependence have thu
shown that the high-pressure phase in the Ti–D system
superconductor with a transition temperature that increa
from 4.17 to 4.43 K in the interval 14–30 GPa. The value
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Tc(P) extrapolated to atmospheric pressure is significan
below the superconducting transition temperature in thex
phase. This noncorrespondence serves as a basis for a
tion concerning a structural transition in the high-press
phase, associated with the ordering of hydrogen.

The authors are grateful to V. G. Glebovski� for prepar-
ing the ingot of high-purity titanium.

This work was carried out with the support of the Ru
sian Fund for Fundamental Research in the framework
Projects No. 97-02-17614 and No. 96-15-96806.

*E-mail: bashkin@issp.ac.ru

1A. San-Martin and F. D. Manchester, Bull. Alloy Phase Diagrams8, 1, 30
~1987!.

2I. O. Bashkin, T. I. Dyuzheva, L. M. Lityagina, and V. Yu. Malyshev, Fi
Tverd. Tela~St. Petersburg! 35, 3104~1993! @Phys. Solid State35, 1528
~1993!#.

3I. O. Bashkin, A. I. Kolesnikov, and E. G. Ponyatovsky, High Press. R
14, 91 ~1995!.

4I. O. Bashkin, I. M. Barkalov, A. I. Bashkin, V. Yu. Malyshev, and E. G
Ponyatovski�, Fiz. Tverd. Tela~Leningrad! 32, 2684 ~1990! @Sov. Phys.
Solid State32, 1556~1990!#.

5A. M. Balagurov, I. O. Bashkin, A. I. Kolesnikov, V. Yu. Malyshev
G. M. Mironova, E. G. Ponyatovski�, and V. K. Fedotov, Fiz. Tverd. Tela
~Leningrad! 33, 1256~1991! @Sov. Phys. Solid State33, 711 ~1991!#.

6A. I. Kolesnikov, A. M. Balagurov, I. O. Bashkin, V. K. Fedotov, V. Yu
Malyshev, G. M. Mironova, and E. G. Ponyatovsky, J. Phys.: Conde
Matter 5, 5043~1993!.

7I. O. Bashkin, A. I. Kolesnikov, E. G. Ponyatovski�, A. M. Balagurov, and
G. M. Mironova, Fiz. Tverd. Tela~St. Petersburg! 37, 3744~1995! @Phys.
Solid State37, 2065~1995!#.

8I. O. Bashkin, V. Yu. Malyshev, V. I. Rashchupkin, and E. G. Pony
tovski�, Fiz. Tverd. Tela~Leningrad! 30, 2003 ~1988! @Sov. Phys. Solid
State30, 1155~1988!#.

9V. M. Teplinski�, I. O. Bashkin, V. Yu. Malyshev, and E. G. Ponyatovsk�,
Fiz. Tverd. Tela~Leningrad! 31, No. 2, 91~1989! @Sov. Phys. Solid State
31, 225 ~1989!#.

10I. O. Bashkin, A. F. Gurov, V. Yu. Malyshev, and E. G. Ponyatovski�, Fiz.
Tverd. Tela~Leningrad! 34, 1276~1992! @Sov. Phys. Solid State34, 674
~1992!#.

11I. O. Bashkin, A. I. Kolesnikov, V. Yu. Malyshev, E. G. Ponyatovsk
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