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Upper critical field of Ti and a-TiAl alloys: Evidence of an intrinsic type-II superconductivity
in pure Ti
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The upper critical fieldHc2 of a-Ti12xAl x(0<x<0.1) alloys has been investigated in detail. The behaviors
can well be described by the theory of type-II superconductors. The electronic specific heat deduced from the
superconducting properties is in excellent agreement with previous calorimetric measurements. However, the
Fermi velocity obtained here is substantially lower than predicted by band calculation. The present work gives
clear evidence that pure Ti is an intrinsic type-II superconducting element due to its very low renormalized
Fermi velocity.
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The theoretical understanding of conventional superc
ductivity has had great triumph as we now not only know
basic microscopic mechanism of its occurrence, but also
often be successful in correlating the superconducting p
erties of a specific material with its thermodynamical a
microscopic parameters.1 The experimental demonstration o
the success is, however, mostly biased to materials with
bic structures because of their importance for applicati
Comparatively, much less data were accumulated for me
of, say,hcp structure which usually have very low superco
ducting transition temperatureTc . Therefore, detailed mea
surements of the superconducting properties on these m
rials in themselves could be very valuable in balancing
knowledge on the phenomenon. Here we report a system
investigation of the upper critical fieldHc2 of a series ofhcp
Ti12xAl x(0<x<0.1) alloys. The system was chosen for t
following additional reasons:~1! The hcp a-TiAl phase is
stable up to;11 at. % Al. In the whole doping range, th
lattice parameters change very little. The widths of the x-
diffraction peaks do not show appreciable degradation
introducing 10 at. % Al.2 ~2! Band-structure calculation
shows that the addition of Al intoa-Ti does not disturb the
d-band structure. Adding 10 at.% Al only slightly shifts th
Fermi energy and causes a mere density of states~DOS!
decrease of;7%.3 ~3! Tc of a-TiAl alloy is very low, leav-
ing enough room for independent measurements of the
mal properties related to the superconductivity of the ma
rials. Since the residual resistivityr0 of the alloy changes by
about two orders between pure Ti and Ti0.9Al0.1, it provides
a very clean case for the investigation of how the the
works in the wide range from clean limit to dirty limit b
nearly a mere change of scattering rate. The present mea
ments are in excellent consistency with the theory for type
superconductors. The results give unambiguous evide
that pure Ti is an intrinsic type-II superconductor due to
very low renormalized Fermi velocity.

The a-Ti12xAl x samples were prepared by arc melti
with Al concentration up to 10 at. %. Appropriate amount
Ti ~99.995% pure! and Al ~99.999% pure! were arc melted
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several times. The melted ingots were then annealed
900 °C for one week.4 X-ray diffraction with very sharp
peaks shows that all the samples had well crystallized sin
phasehcp structure without preferential orientation.2 The
lattice parameters slightly decrease by introducing Al w
very small anisotropy. The relative changes of the latt
parameters between pure Ti and Ti0.9Al0.1 are about 0.5% for
Da/a, and;0.2% for Dc/c. We will ignore the anisotropy
in the follwing treatment.5 We expect that this simplification
does not influence the main conclusion of the paper as
preferential orientiation exists in our samples and theref
the equivalent isotropic average should be on equal foo
for different samples.

The experiments were conducted in a dilution refrigera
with a superconducting magnet. The preliminary result of
Tc change with Al concentration were reported elsewhe2

The critical field was determined by the middle points
resistivity change in a sweeping field using four-lead ac m
surements. The relative widths of the transition~10–90 %!

FIG. 1. Upper critical fieldHc2(t) as a function of reduced
temperaturet5T/Tc for a-Ti12xAl x alloys withx50, 0.029, 0.053,
and 0.102.
8695 ©2000 The American Physical Society
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were;10% or less for all the samples at very low tempe
ture, the uncertainty rises to;14% nearTc . The tempera-
ture was very slowly swept from;40 mK to the zero field
Tc of the samples. As will be demonstrated below, the m
sured critical field is actually the upper critical fieldHc2 of
the samples. Different criterion~80%, 50%, and 20% of the
transition! lead to a fluctuation of;65% in Hc2 and less
than;65% in dHc2 /dTuTc

.
Four samples were measured and the results are show

Fig. 1. A collection of the data together with the sample
normal-state resistivities are listed in Table I. The behav
of a type-II superconductor has been successfully descr
by the Ginzburg-Landau-Abrikosov-Gorkov~GLAG! theory,
especially nearTc , where the following relationship pre
cisely holds:6

2
dHc2

dT U
Tc

5
hHc2

~Tc!

R~l tr !
F S 24p2

7z~3!

kB
2c

\e D Tc

vF*
2

1S 12p

7z~3!

kBc

e

1

v* l
D G

5
hHc2

~Tc!

R~l tr !
F3.1831016

Tc

vF*
2

15.263104g* r0G
~1!

wherehHc2
(Tc) is the ratio of the strong-coupled magne

pair-breaking parameter to the weak-coupled BCS value,l tr
is about the ratio of the zero-temperature GL cohere
length jGL(0), the transport scattering lengthl, R(l tr) is a
function weakly depending onl tr @R(0)51,R(`)51.17#,
vF* in cm/s andg* in erg/cm3K2 are, respectively, the renor
malized Fermi velocity and electronic specific-heat coe
cient, and r0 in V cm is the residual resistivity. Sinc
hHc2

(Tc) is close to unity and the deviation depends on

ratio of (Tc /v0)2, wherev0 is the equivalent Einstein fre
quency, we expecthHc2

(Tc)51 for oura-TiAl samples. To

see whether oura-TiAl samples can be described by GLA
theory, Eq.~1! can be written as

R~l tr !

Tc

dHc2

dT U
Tc

53.1831016vF*
2215.263104g*

r0

Tc
,

~2!

taking hHc2
(Tc)51. We see, by plotting @R(l tr)/

Tc#(dHc2 /dT)uTc
as a function ofr0 /Tc , that we should get

TABLE I. A list of the measured data for thea-Ti12xAl x alloys.

x
r0

(mV cm) r300/r0

Tc

~K!
Hc2(0)
~kG!a

dHc2 /dTuTc

~kG/K!b

0 2.25 22.2 0.49 0.465 1.3
0.029 40 2.1 0.65 3.05 6.9
0.053 68 1.6 0.7 5 11.3
0.102 113 1.2 0.735 7.28 16

aExtrapolated toT50 by polynomial fitting of the data.
bObtained by polynomial fitting.
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a straight line ifvF* andg* are independent of doping. Th
result is shown in Fig. 2. The fitting curve slightly bend
down from a straight line. However, if we take into accou
the Al-induced decrease of DOS,3 then the correction facto
would straighten the curve to coincide with the dashed l
of the figure. Since we have no adjustable parameter in
treatment, the excellent agreement between our data with
~2! demonstrates that introducing Al intoa-Ti does not ap-
preciably change the band Fermi velocityvF as well as the
electron-phonon couplinglep , in agreement with the fac
that no topological defects are introduced in the process.
cording to Eq.~2!, from the slope we can get the renorma
ized electronic specific-heat coefficient, which givesg*
;3 mJ/cm3 K2, in satisfactory consistency with calorime
ric data (g* ;3.15 mJ/cm3 K2).7 The intercept leads to the
renormalized Fermi velocityvF* ;4.13106 cm/s, a value
substantially lower than predicted by the band calculatio
(;2.23107).8 To check the correctness of the result, w
notice that we could have more precise conclusion from
Hc2(0) data. It is easy to write down the relation:9

Hc2~0!5
f0

2pjGL
2 ~0!

5
f0

2p F 12

7z~3!

4p2kBTc
2

\2vF*
2 G ~11l tr !

R~l tr !
,

~3!

where f0 is the flux quantum andjGL(0) is zero-
temperature Ginzburg-Landau coherence length. Simila
Eq. ~2!, we can modify Eq.~3!:

Hc2~0!

Tc
2

53.1731015vF*
2213.063104g*

r0

Tc
. ~4!

When we plotHc2(0)/Tc
2 as a function ofr0 /Tc ~Fig. 3!,

we get behavior that is very similar to Fig. 2. The resu
give g* ;3.1 mJ/cm3 k2 and vF* ;4.63106 cm/s. Again,
g* is in excellent agreement with@7# andvF is in reasonable
agreement with that obtained by theHc2 slope atTc .

FIG. 2. @R(l tr)/Tc#(dHc2 /dT)uTc
as a function ofr0 /Tc . The

dashed line is the slope atr0→0. When the change ofg* with Al
concentration is taken into account, all the data points fall on
dashed line. The slope of the dashed line gives the electr
speific-heat coefficientg* of pure Ti, while the intercept gives the
Fermi velocityvF* ~see text!.
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The success of GLAG relationships in describing o
a-TiAl samples and the constantvF* for different samples
allows us to separateHc2(0) anddHc2 /dTuTc

into two parts
which, according to Eqs.~2! and ~4!, correspond, respec
tively, to the values in clean limit and dirty limit:

R~l tr !Hc2
c1~0!53.1731015vF*

22Tc
2 ,

R~l tr !Hc2
d1~0!53.063104g* r0Tc ~5!

and

R~l tr !
dHc2

c1

dT
U

Tc

53.1831016vF*
22Tc ,

R~l tr !
dHc2

d1

dT
U

Tc

55.263104g* r0 . ~6!

Then we may compare the data deduced from Eqs.~5! and
~6! with a formula applicable in the two extremes. A famili
result is that in the clean limitHc2(0)50.73(dHch /dT)uTc

,

while in the dirty limit Hc2(0)50.69(dHc2 /dT)uTc
.10 The

spin paramagnetism, however, will limitHc2 and reduce the
ratio of hc2(0) anddHc2 /dTuTc

.11 The effect should mani-

fest itself with the increase ofr0. Indeed, we find that in

FIG. 3. R(l tr)Hc2(0)/Tc
2 as a function ofr0 /Tc . The behavior

is very similar to that in Fig. 2.
r

dirty limit the reduced upper critical fieldhc2
dl (0)

[Hc2
dl (0)/(dHc2 /dT)uTc

shows a decrease for highr0, in
reasonable agreement with that calculated according to
Werthamer-Helfand-Hohenberg~WHH! WHH model11 ~Fig.
4!. In the calculation, the spin-orbit couplingls0 was chosen
to be small (ls0;0.2Tc

21) according to Ref. 12 where th
spin-orbit relaxation time was determined to be 8310212

and is nearly independent of Al concentration. In the cle
limit, hc2(0) is almost independent ofr0 and is indeed close
to 0.73. No anisotropy-enhancedhc2(0) ~Ref. 13! was de-
tected in our samples, proving that the isotropic approxim
tion is acceptable in the treatment.

We are not trying to stress too much about the quant
tive agreement of our data with a typical type-II superco
ductor. The experimental uncertainty in determini
dHc2 /dTuTc

and the approximation in theHc2(0) expression
do not allow us to do so. However, the agreement with
any adjustable parameter is certainly not a fortuity. It giv
convincing evidence of the very low renormalized Fermi v
locity for pure Ti anda-TiAl alloys which one should trea
seriously. The result is not so unreasonable, considering
Ti is one of the most ‘‘resistive’’ elements, its DOS is at
minimum, and its electron-phonon coupling estimated by

FIG. 4. The change of the reduced upper critical field atT50,
hc2

d1(0)5Hc2
d1(0)/(dHc2

d1/dt)u t51, with residual resistivityr0 of the
samples in the dirty limit. The spin paramagnetism limitation sho
up with the increase ofr0, in general accordance with the WHH
model.
7

h

TABLE II. Superconducting parameters of TiAl alloys as a function of residual resistivityr0.

r0

Tc j0 lL(0) k(0) Hc2
cl (0)

dHc2
cl ~0!

dT
U
Tc

Hc2
dl (0)

dHc2
dl

dT
U
Tc

(mV cm) ~K! (Å) (Å) ~kG! ~kG/K! hc2*
cl~0! ~kG! ~kG/K! hc2*

dl(0)

0 0.41a 1500 3100 2.1 0.24 0.8 0.74
2.25 0.49 1150 3100 3.9 0.34 0.94 0.73 0.125 0.365 0.72

40 0.65 870 3100 22 0.59 1.24 0.73 2.43 5.65 0.6
70 0.7 800 3100 36 0.69 1.33 0.73 4.31 10 0.62

113 0.735 760 3100 55 0.75 1.4 0.73 6.53 14.8 0.6

aExtrapolated tor050; j0 is the coherence length in the clean limit;lL(0) is the London penetration dept
at 0 K, k(0) is the zero-temperature Ginzburg-Landau parameter.
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sistivity could be the largest among the transition meta1

We will leave the matter to future theoretical and experim
tal investigations. A very important, though surprising, co
sequence of this very lowvF* is that pure Ti is actually an
intrinsic type-II superconducting element, contrary to pre
ous conclusions. The evidence for this conclusion is
strong that it can never be ascribed to the limited precision
the expressions and is far beyond the uncertainty of the m
surements. A collection of the superconducting parame
as a function of residual resistivity is listed in Table II.

In summary, by introducing Al intoa-Ti, we were able to
change the impurity scattering rate by almost two orders w
the topological lattice structure and electronic band struc
g

r
-

.
-
-

-
o
f
a-
rs

h
re

least perturbed. The alloys provided a clean case where
can demonstrate that the theory of type-II superconductors
applicable toa-TiAl alloys in a very wide range from the
clean limit to dirty limit. The results give convincing evi-
dence that pure Ti is an intrinsic type-II superconductor wi
the lowestTc up to now due to its very low renormalized
Fermi velocity.

The experiments were carried out by using the dilutio
refrigerator belonging to the State Laboratory of Surfac
Physics, CAS. The work was supported by National Found
tion of China.
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