
PHYSICAL REVIEW VOLUME 168, NUMBER 2 10 APR IL 1968

Mixed-State Hall Effect in an Extreme Type-II Supercondu ctor
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Measurements of mixed-state transverse and longitudinal voltages at T= 1.2'K, 0 &H &39kG, 0 &J&800
A/cm' on an extremely high-~ type-II alloy superconductor Ti-16 at.% Mo (~=68, T,=4.2'K, zero-
temperature upper critical field H,20=63 kG} show that the high- J, nearly J-independent, mixed-state
Hall-angle tangent tan 8 (H) is much larger than the normal-state value tang„(P). At the highest applied
magnetic field, the reduced Hall-angle tangent P (H/II~=0. 35) =Ltane (&=39 kG) j/(tanL(FIrM) j=
0.6, where V@0=111kG is determined by the measured reduced fiux-fiow resistivity pf(H)/p =H/Hsrg
This contrasts with previous results pertinent to pure or low-a materials where Hf,~ =H,~. P (0.35) =0.35
(Bardeen-Stephen theory), (1) (Nozieres-Vinen theory), 0.35 (Nb measurements of Fiory and Serin),
(2) (Nb —Ta measurements of Niessen et al.).

CURRENT interest in the transport properties of
~ & quantum fluids has stimulated considerable experi-
mentaP 8 and theoretical~" work on the Hall effect
in the mixed state of type-II superconductors. Thus far
a wide variety of divergent results has been obtained
and the problem remains generally obscure. In the
present article we report the Grst observation of the
mixed-state Hall e6ect in an extremely high Ginzburg-
Landau-~ type-II superconductor.

Figure 1 shows mixed-state longitudinal t/"~ and
transverse t/'~ voltages versus transport current density
J for an annealed"" specimen of Ti—16 at.% Mo.
Previous magnetization, "" calorimetric, ' and resis-
tive'4"'~" measurements on this material indicate
typical" extreme type-II Inixed-state paramagnetism
and afford a good parametric characterization": T,=
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4.2'K, xg= 6g, p. (4.2'K) = 1.0X10-'0cm, E„(4.2'K)
+1.6X10 4 cm'/C, y= 7.5X10s erg cm-s 'K s, $s/J
120, H,2p=63 kG, H,2p*=99 kG. Here, ~0 is calculated
from the Gor'kov-Goodman formula, p„ is the normal-
state electrical resistivity, E is the normal-state Hall
coeKcient, y is the electronic specific-heat coeKcient, $s
is the BCS2p coherence distance, / is the electron mean
free path, H, 2p is the measured upper critical Geld
extrapolated to T=O'K, and H,2p* ——3.1X10'p yT, is
the upper critical field at T=O'K predicted by dirty-
limit theory" which ignores electron spin-applied field
interaction. For the geometry indicated in Fig. 1,
Vl. ~ El.and V& ~ E& arise, respectively, from transverse
and longitudinal components of the average Qux-
velocity vector v in the plane of the specimen since"
E= —c-'(v xB), where E is the measured electric field
vector (also in the plane of the specimen) and 3 H.

The Vr, (J) curve of Fig. 1 disPlays the usuaPss4
annealed specimen, nearly free-Qux-Qow form with a
small critical J,(H) for Rux depinning and a nearly
constant ( Vc)/re)) ~rrpr(H) over a relatively wide'4 J
range, where pf is the Qux-Qow resistivity. Figure 2
shows that for low H/ Hsz&s03 Sand low T/T, =0.26,

pr(H) /pe= H/Kso. (1)
In the present case the "Kim field"" HI,2p ——111~5ko
is close to the H.2p of paramagnetic-limitation-ignoring
theory, " as previously shown for this" and other""
high-xg materials. Equation (1) evidently implies" a
mixed-state eBective vortex-core to specimen-volume
ratio of ~H/Hssp at low reduced H and T. For low Kg-
materials there is no electron-spin-induced paramagnetic
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M IXE 0-STATE HALL EFFECT

limitation on the upper critical field, and B~20 as de6ned
in Kq. (1) is approximately equal to the measured

12,23

The Vr(J) curves of Fig. 1 allow determination of
the Hall voltage

Vrr 0.2—5—/Vs, (J+, H+) —Vs (J+, H )

—Vs (J- H+)+Vr (J H-)-j (2)

which reverses with B and with J. It is apparent from
Fig. 1 that Vr (J) also contains a non-Hall component
which reverses with J but not with H.M That this
component is primarily due to defect-guided Qux motion
in the longitudinal direction~ 7 is suggested in the present
work by prominent structure in Vr(g ) (where q is the
angle shown in Fig. 1 between H and the specimen's
wide surface) which reverses only with J, is uncor-
related with similar microvolt structure in Vr, (q ), and
depends critically on cold-work and annealing history.
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FIG. 2. The reduced mixed- and normal-state Hall-angle tan-
gents P„edna„P eesEqs. (6) and (7) j, and the reduced mixed-
state flux-Iiow resistivity pr/p„, all versus the applied magnetic
field If for three annealed Ti—16 at.% Mo specimens. H.&(1.2'K)
is the magnetization-measured upper critical 6eld at 1.2oK of
Ref. 15 and II»0 is de6ned by Eq. (1). P is actually determined
at 4.2 K but it is assumed that P is temperature-independent
below 4.2'K.
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Despite marked variation of guided-motion transverse
voltages with q Pup to &1100% of Vrr (qr =90') with
average peak half-width 2'$, we observe

Vrr(if', H=39 kG, J=280 A/cm') ~ sing (3)

Vr, (q', H=39k6, J=280A/cm') = V~(ate=90') (4)

to within 8%.
Figure 1 also shows the Hall-angle tangent

tan8= Err/Er, VIrL/Vr, W—, = (5)

for 80'&p &300', just as in the normal state, strongly
suggesting that V~ is not greatly perturbed4, ~ 8 from
the free-Qux-Qow value in the present annealed speci-
mens by guided flux motion at high ( J, H). We also
observe

2 3 4
J (ioo A/cM')

0

The introduction of a small fraction f of the V~ voltage into
the measured V~ due to transverse contact misalignment results
in a non-Hall voltage of this sort, but measurements of the linear
Vr(J) and Vz(J) in the normal state at 4.2'K indicate that this
misalignment voltage is negligible (f=2.4)&10 ') .

Pro. 1. Typical X—Y recorder tracings of longitudinal V~ and
transverse V z voltages versus longitudinal transport current
density J for an annealed, polycrystalline, Bat-strip specimen of
Ti—16 at.% Mo. For clarity, zero shifts have been made on the
Vp traces —below J, all Vp and Vg voltages are zero. The Hall-
angle tangent tan0( J) is related to V~(J) and VL, (J) by Eqs.
(2) and (5). I:Specimen dimensions are length 2.0 cm, width
W =0.31 cm, thickness 0.023 cm. Indium-coated copper current
lugs were pressed against the wide surfaces over 0.3 cm at each
end. The four Gne-copper-wire potential leads were held against
the specimen edges by beryllium-copper-strip springs. Small
spikes on the Vp( J) traces are due to slight contact instabilities.
Vg contact spacing was L,=0.97 cm. Potential measurements in
the 4.2oK normal state indicated that longitudinal misalignment
spacing of the Vr contacts was less than 2.3X10 ' cm. j

P =I tan8 (H) j/Ltan8„(Hssp) j, (6)

where I and 8' are, respectively, the distances between
the longitudinal and transverse contacts. At high J,
tan8( J) displays a tendency to saturate near the maxi-
mum value tan8, which we identify as the measured
mixed-state Hall-angle tangent tant' and interpret as a
lower limit' » to the free-Qux-Qow tan8 of theoretical
interest. The decrease of tan8(J) at high J' and H
as shown in Fig. 1 always occurs in the nonlinear
Vr, ( J) region where interpretation is somewhat clouded
by the possibility of Joule heating at the current con-
tacts. At lower H & 17 kG neither prominent high- J
nonlinearities in Vr, (J) nor actual maxima in tang( J)
were observed, although tan8( J) always became nearly
J-independent at the highest J&790 A/cm'.

Figure 2 shows the reduced mixed-state Hall-angle
tangent
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and the reduced normal-state Hall-angle tanget'~

P~= Pta—n8~(H) $/Ltang~(H@sp) j. (7)

The data are normalized at H»s t defined by Eq. (1)]
rather than B,20 in order to allow a more legitimate
comparison of our data with the results of previous
experiment' and theory' "which apply to the low-II
domain where electron-spin interaction with H is
presumably unimportant and H»0= H.&0. Strictly
speaking, the I' data of Fig. 2 represent lower limits'4 ~

and show that at low H/HI, ss the Hall-angle tangent is
much larger in the mixed state than in the normal
state, i.e., I' &&I'„, in agreement with the results of the
Philips workers' ' on low-~t-.&b—Ta alloys. Actually, in
view of the discussion centering on Eqs. (3) and (4),
we believe that our result

P~(H/Hg, so =0.35)~~0.6, (8)
~7 The normal-state Hall data agree with Ref. 18. The normal-

state tans„(H) of Fig. 2 is derived from J'-independent tang„(I)
and tans (H) data taken at 16(H(39 kG and T=4.2'I, where
both the mixed state and the sheath (Ref. 15) are suppresssed,
assuming that the observed direct proportionality of tan8„ to H
holds for 0&H&B,20* and that tan8„ is T-independent below
4.2'K.

obtained at the highest B=39 kG, is reasonably close
to the free-Aux-Row I'~ of theoretical interest. Assuming
this to be the case and that other Hall measurements
reQect the free-Aux-Qow condition, there appears to be
no quantitative agreement of our results with previous
experimental or theoretical work: P (0.35) 2 (low-xg
Nb-Ta), 4's 0.35 (pure Nb) 's s 1 (pure Nb) s 0.35
(8ardeen-Stephen theory), ' 1 (Nozieres-Vinen theory). "
It is not clear whether the disagreement of our work
with previous results can be attributed to electron
spin-applied field interaction, to the high ag of our alloy,
to its extreme "dirtiness" (high ts/l), or to some com-
bination of these factors.

We thank D. M. Sellman for able assistance with the
measurements; H. Nadler, R. G. Herron, and P. Q.
Sauers for careful specimen preparation; C. G. Rhodes
and R. A. Spurling for metallography; S. J. Williamson
for valuable discussions; and A. S. Joseph for gener-
ously allowing our use of his 22-in. Varian magnet
facilities.

"Using the present techniques we have corroborated this resuit
for annealed Nb —50 at.% Ta. For this alloy the J dependence of
tane is less than that shown in I"ig. 1.
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A detailed description is given of the preparation of granular aluminum 6lms (grain sizes less than 40 A.)
with stable superconducting transition temperatures T up to 3.7'K. We present new experimental data
of energy gaps, parallel critical 6elds, and critical current densities. The results are in good agreement with
the predictions of the theories of granular superconductors. However, it is found that none of the mechanisms
offered so far for the enhancement of T, can satisfactorily account for all the properties of the enhanced
T, granular 6lms.

I. INTRODUCTION

T has been known for many~years that some super-
. . conductors, when composed of small grains (20
to 200 L), have superconducting transition temperatures
T, appreciably higher than the ordinary values. Such
61ms were prepared' ' by evaporation on to substrates
held at 4.2 K. However, upon warming to room tem-
perature, grain growth occurred, and the T,'s returned
to the usual values. More recently, high T, Glms of the
same metals were prepared by evaporation in an
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oxygen atmosphere. "The observed increases in the
T,'s were of the same magnitude as those obtained
by the low-temperature evaporation technique, but
they did not change upon storing at room temperature.
Furthermore, these 61ms exhibited very high critical
magnetic fields and very high normal resistivities. '
It is believed that these properties resulted from the
precipitation of oxygen at the grain boundaries in the
form of oxide. The oxide (a) prevented recrystalli-
zation and grain growth, thereby stabilizing T„and

4 B.Abeles, R. W. Cohen, and G. W. Cullen, Phys. Rev. Letters
1'7, 632 (1966).

5 R. W. Cohen, B. Abeles, and G. S. Weisbarth, Phys. Rev.
Letters 18, 336 (1967).

6B. Abeles, Roger W. Cohen, and W. Stowell, Phys. Rev.
Letters 18, 902 (1967).


