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Upper critical field of Ti and «-TiAl alloys: Evidence of an intrinsic type-Il superconductivity
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The upper critical fieldH, of «-Ti; _,Al,(0=x=<0.1) alloys has been investigated in detail. The behaviors
can well be described by the theory of type-Il 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-ll superconducting element due to its very low renormalized
Fermi velocity.

The theoretical understanding of conventional superconseveral times. The melted ingots were then annealed at
ductivity has had great triumph as we now not only know the900 °C for one weeR. X-ray diffraction with very sharp
basic microscopic mechanism of its occurrence, but also capeaks shows that all the samples had well crystallized single-
often be successful in correlating the superconducting propgehasehcp structure without preferential orientatiériThe
erties of a specific material with its thermodynamical andlattice parameters slightly decrease by introducing Al with
microscopic parametefsThe experimental demonstration of Very small anisotropy. The relative changes of the lattice
the success is, however, mostly biased to materials with curarameters between pure Ti ang dAlo ; are about 0.5% for
bic structures because of their importance for applicationA@/a, and~0.2% forAc/c. We will ignore the anisotropy
Comparatively, much less data were accumulated for metald the follwing treatment.We expect that this simplification
of, say,hcp structure which usually have very low supercon- 40€S not influence the main conclusion of the paper as no
ducting transition temperaturg.. Therefore, detailed mea- preferer_mal orientiation exists in our samples and theref(_)re
surements of the superconducting properties on these mat 1€ equwalent isotropic average should be on equal footing
rials in themselves could be very valuable in balancing our’’ different samples.

knowledae on the phenomenon. Here we report a svstemati The experiments were conducted in a dilution refrigerator
: edye P e por Y tWith a superconducting magnet. The preliminary result of the
investigation of the upper critical field ., of a series ohcp

. e T. change with Al concentration were reported elsewRere.
Ti1Aly(0=x=<0.1) alloys. The system was chosen for the e gritical field was determined by the middle points of
following additional reasons(1) The hcp a-TiAl phase is  yegistivity change in a sweeping field using four-lead ac mea-

stable up to~11 at. % Al. In the whole doping range, the syrements. The relative widths of the transitid®—90 %
lattice parameters change very little. The widths of the x-ray ' ' . '

diffraction peaks do not show appreciable degradation by  75F .

introducing 10 at.% AP (2) Band-structure calculation 70 ]
shows that the addition of Al inter-Ti does not disturb the 651 ]
d-band structure. Adding 10 at.% Al only slightly shifts the gg ) ]
Fermi energy and causes a mere density of Std&3S) 5ok 1

decrease of-7% 3 (3) T, of a-TiAl alloy is very low, leav- a5
ing enough room for independent measurements of the nor 4oL
mal properties related to the superconductivity of the mate=< 35[
rials. Since the residual resistivipy of the alloy changes by I?‘a 3ot

about two orders between pure Ti ang Al 4, it provides 25 .

a very clean case for the investigation of how the theory 20} .

works in the wide range from clean limit to dirty limit by 151 ]
10

nearly a mere change of scattering rate. The present measur

ments are in excellent consistency with the theory for type-II 0'2 E ) ) ) - ]
superconductors. The results give unambiguous evidenc 0.0 0.2 0.4 0.6 0.8 1.0
that pure Ti is an intrinsic type-Il superconductor due to its t (=T/T)

G

very low renormalized Fermi velocity.

_The a-Ti;_,Al, samples were prepared by arc melting  FIG. 1. Upper critical fieldH,(t) as a function of reduced
with Al concentration up to 10 at. %. Appropriate amount of temperaturé=T/T, for a-Ti;_,Al, alloys withx=0, 0.029, 0.053,
Ti (99.995% purgand Al (99.999% purgwere arc melted and 0.102.
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were~10% or less for all the samples at very low tempera- 30— 71—
ture, the uncertainty rises te 14% nearT.. The tempera- -
ture was very slowly swept from-40 mK to the zero field ~ 25

T, of the samples. As will be demonstrated below, the mea-<

sured critical field is actually the upper critical fiettl,, of X 20 J

the samples. Different criteriof80%, 50%, and 20% of the g

transition lead to a fluctuation of~-+=5% in H., and less ’|_g 15 |
I

Four samples were measured and the results are shown iT
Fig. 1. A collection of the data together with the samples’
normal-state resistivities are listed in Table I. The behavior =
of a type-Il superconductor has been successfully describe1a:‘5
by the Ginzburg-Landau-Abrikosov-Gork¢@LAG) theory, —

/T,)

e_SpTCiﬁll?/d réearTC, where the following relationship pre- 00 20 20 60 80 100 120 140 160 180
cisely holds: Po/T(mQ cm/K)
2
_dHe| Me,(Te) | [ 24m? kgC) T FIG. 2. [R(\y)/T](dHc,/dT) | as a function of /T, The
dT |, Ry [\74(3) fie)y%2 dashed line is the slope a—0. When the change of* with Al
¢ concentration is taken into account, all the data points fall on the
127 kac 1 dashed line. The slope of the dashed line gives the electronic
+ ( = e —) speific-heat coefficieny* of pure Ti, while the intercept gives the
74(3) e p*| Fermi velocityvf (see text
M ,(Te) 6 Ve . a straight line ifv¥ and y* are independent of doping. Th
_ e F y pendent of doping. The
R(\¢r) 3.1810° v§2+5'26>< 107" po result is shown in Fig. 2. The fitting curve slightly bends

down from a straight line. However, if we take into account
&) the Al-induced decrease of DJShen the correction factor

where 7,4 _(T,) is the ratio of the strong-coupled magnetic would s_traighte_n the curve to coinc_ide with the dasheo_l line
ir-b IC(Z. ter to th K led BCS val of the figure. Since we have no adjustable parameter in the
_palr-b(;e? tlf?g p:tr_zm; etLeO eeoV\{[Z?n '(;Ogtp ee GL c\éhgee’n treatment, the excellent agreement between our data with Eq.
IS abou ratl Zero-temperatur ner 0?2) demonstrates that introducing Al inte-Ti does not ap-
Iength ¢61(0), thetransp_ort scattering lengh R(Ay) is a preciably change the band Fermi velocity as well as the
fLLngt|on /vveakly*d_epenc/ilnn%Kozh” [R(0)=1t,_R(t|>o)t:h1.17], electron-phonon coupling,, in agreement with the fact
Vg IN CMJS andy In ergrc are, respectively, the renor- what no topological defects are introduced in the process. Ac-
malized Fermi velocity and electronic specific-heat Coeﬁ"cording to Eq.(2), from the slope we can get the renormal-
cient, andpo in € cm is the residual resistivity. Since j,oq electronic specific-heat coefficient, which gives
7,,(Te) is close to unity and the deviation depends on the 3 1, 3/cni k2, in satisfactory consistency with calorimet-
ratio of (T./we)?, wherewy is the equivalent Einstein fre- ric data (y* ~3.15 mJ/cmK?).” The intercept leads to the
quency, we expecty ,(T;) =1 for oura-TiAl samples. To  renormalized Fermi velocity?~4.1x10° cm/s, a value
see whether ous-TiAl samples can be described by GLAG substantially lower than predicted by the band calculation

theory, Eq.(1) can be written as (~2.2x10°).2 To check the correctness of the result, we
ROw) dH P Ha(0) cata. 115 easy o wite down e relatn:
TCU 5T _=ale 10} 2+ 5.26¢10°* 1, 2 : y :
C @ Hg0)= =0 47722sz§ (L+h)
taking 7y (T)=1. We see, by plotting [R(\)/ 2méd (0) 27| 74(3) #%%2 | ROhy) .

T.J(dH.,/dT)|;_as a function opy/T,, that we should get
c)(dHcz )|T° Po/Te g where ¢, is the flux quantum andég (0) is zero-

TABLE I. Alist of the measured data for the-Ti, ,Al, alloys. ~ temperature Ginzburg-Landau coherence length. Similar to
Eq. (2), we can modify Eq(3):

Po Te  He(0) dHe/dTlr,

X (n@em) paolpo  K)  (KG*  (KGK) chgo) =317 105 2+3.06x 100 22 (8)

0 2.25 22.2 0.49 0.46 13 Te Te

0.029 40 2.1 0.65 3.05 6.9 2 . .

0.053 68 16 07 5 11.3 When we plotH,(0)/T¢ as a function opq /T, (Fig. 3),

0.102 113 12 073 7.8 16 we get behavior that is very similar to Fig. 2. The results
give y*~3.1 mJ/cmik? and vE~4.6x10° cm/s. Again,

8Extrapolated tor =0 by polynomial fitting of the data. v* is in excellent agreement wiflT] andv is in reasonable

PObtained by polynomial fitting. agreement with that obtained by tkk., slope atT..
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FIG. 3. R(Mr)ch(O)/Tg as a function of,/T. . The behavior FIG. 4. The change of the reduced upper critical field@ at0,

h%2(0)=H1(0)/(dH/dt)|,,, with residual resistivityp, of the
samples in the dirty limit. The spin paramagnetism limitation shows
up with the increase ofg, in general accordance with the WHH
model.

is very similar to that in Fig. 2.

The success of GLAG relationships in describing our
a-TiAl samples and the constanf for different samples
allows us to separatd.,(0) andd chldT|TC into two parts N
which, according to Eqs(2) and (4), correspond, respec- dirty limit the reduced upper critical fieldhg,(0)

tively, to the values in clean limit and dirty limit: =H(0)/(dHc2/dT)|+_ shows a decrease for high, in
reasonable agreement with that calculated according to the
R(\)HS(0)=3.17x 10" ¥ ~2T3, Werthamer-Helfand-HohenbefgVHH) WHH modet! (Fig.
4). In the calculation, the spin-orbit couplingy was chosen
R(\r)HI3(0)=3.06x 10 y* p, T, (5 to be small §4~0.2T_ ) according to Ref. 12 where the

spin-orbit relaxation time was determined to be B0~ 12
and is nearly independent of Al concentration. In the clean
limit, h.,(0) is almost independent @f, and is indeed close
=3.18% 10161,;*21'6, to 0.73. No anisotropy-enhancéd,(0) (Ref. 13 was de-
tected in our samples, proving that the isotropic approxima-
tion is acceptable in the treatment.
We are not trying to stress too much about the quantita-
=5.26x 10%y* py. (6)  tive agreement of our data with a typical type-Il supercon-
Te ductor. The experimental uncertainty in determining

Then we may compare the data deduced from Egjsand dHCz/dT|TC and the approximation in thd,(0) expression
(6) with a formula applicable in the two extremes. A familiar d0 not allow us to do so. However, the agreement without
result is that in the clean limil 5(0)=0.73dH.,/dT)| 1, any adjustabledparam?tir is cerfalnly not a flortljjlty. It gives
- . - - 10 1.8 convincing evidence of the very low renormalized Fermi ve-
while in the dirty limit ch(O)—0.'69'(dl'-|czldT)|Tc. The |acity for pure Ti anda-TiAl alloys which one should treat
Spin paramagnetism, however,l\llwll limtite, and reduce the  seriously. The result is not so unreasonable, considering that
ratio of he»(0) anddHc,/dT|; . The effect should mani- T is one of the most “resistive” elements, its DOS is at a
fest itself with the increase gfy. Indeed, we find that in  minimum, and its electron-phonon coupling estimated by re-

and

dHS3
RO\ g7

c

dHS
RO g7

TABLE Il. Superconducting parameters of TiAl alloys as a function of residual resisjyity

o dHZ,(0) 0 dH%
Tc fO )\L(o) K(O) HCZ(O) dT HCZ(O) daT
Po Tc Tc
(rQ cm) K  (A) (A (kG) (kG/K)  h*'0)  (kG)  (kG/K) h*'(0)
0 0.4F 1500 3100 21 0.24 0.8 0.74
225 049 1150 3100 3.9 0.34 0.94 0.73 6.12 036 0.72
40 065 870 3100 22 0.59 1.24 0.73 2.43 5.65 0.67
70 0.7 800 3100 36 0.69 1.33 0.73 4.31 10 0.62
113 073 760 3100 55 0.75 1.4 0.73 6.53 14.8 0.6

aExtrapolated tgy=0; &, is the coherence length in the clean linkt;(0) is the London penetration depth
at 0 K, «(0) is the zero-temperature Ginzburg-Landau parameter.
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sistivity could be the largest among the transition metals.least perturbed. The alloys provided a clean case where we
We will leave the matter to future theoretical and experimencan demonstrate that the theory of type-Il superconductors is
tal investigations. A very important, though surprising, con-applicable toa-TiAl alloys in a very wide range from the
sequence of this very lowg is that pure Ti is actually an clean limit to dirty limit. The results give convincing evi-
intrinsic type-ll superconducting element, contrary to previ-dence that pure Ti is an intrinsic type-Il superconductor with

ous conclusions. The evidence for this conclusion is sahe lowestT. up to now due to its very low renormalized
strong that it can never be ascribed to the limited precision oFermi velocity.

the expressions and is far beyond the uncertainty of the mea-

surements. A collection of the superconducting parameters

as a function of residual resistivity is listed in Table II. The experiments were carried out by using the dilution
In summary, by introducing Al intex-Ti, we were able to refrigerator belonging to the State Laboratory of Surface

change the impurity scattering rate by almost two orders witfPhysics, CAS. The work was supported by National Founda-

the topological lattice structure and electronic band structuréion of China.
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