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The differential resistancéV/d| vs voltageV of Zn-Ag point contact$PC’s) is measured in the supercon-
ducting state to evaluate the temperature and magnetic-field dependence of the superconducting order param-
eterA andI’=%/7in Zn using the modified Blonder-Tinkham-Klapwijk theory including a finite quasiparticle
lifetime 7. The temperature dependenceyfT) of all PC’s follows the BCS theory while for the magnetic
field dependence ok (B) there are marked differences among different PC’s. In one casa (fBg depen-
dence shows a first-order transitionlmc”t°< BE“"‘ for other PC’sA(B) decreases continuously in a magnetic
field and vanishes @&°%>B."*. The parameteF which describes the broadening of the quasiparticle density
of states(DOS) in the superconductor is almost independenBdh the first case, in contrast to the increase
in a magnetic field in the second case. Moreover, in zero figlicreases with PC resistance. Possible reasons
for the DOS broadening in zero field and with increasing magnetic field or increasing PC resistance are
discussed[S0163-182606)02545-3

[. INTRODUCTION compared to the theoretical expectation. A modified BTK
theory, originally used to evaluate PC measurements in high-
The investigation of the conductivity of superconductor— T, material§® can describe thelV/dI curves, especially
normal-metalSN) point contact§PC’s) has become a pow- their magnetic field dependent&his model takes into ac-
erful tool for the study of the superconductq®C’s). The  counta finite quasiparticle lifetime=#/I" caused by inelas-
modef taking into account Andreev reflectiqR) at the  Ccle density of state€DOS) of the SC.

SN boundary provides a good description of measurements !N the present paper we have carried out detailed measure-
on conventional superconductér&he theory can explain ments of PC’s with the classical SC Zn and used the modi-

the variation of the PC characteristics, i@\/d| vs voltage fied BTK model to obtain the temperature and magnetic-field
V curves, from a clean metallic contact to a perfect tunnepependence of the superconducting _ord_er pararmemon_g_
junction with only one parameter, i.e., the barrier strengt with the parametel’. Successful application of the modified

Z at the SN interface. The superconducting order paramet TK model to a classical SC in our opinion renders PC

A in the SC can be estimated and its temperature dependenﬁBeCtroschpy very useful for investigations of more compli—
is obtained from a fit according to the BTK theory. cated SC s. Moreover, these measurementg are interesting to
The study of SN PC’s in a magnetic field has receivedcOmpare W!th our results on Zn-U?t_ontect which were
considerably less attention. Of course, before this method i arne_d outin orderl to look for a possible mﬂuence on AR of
employed for exotic SC's such as high-materials, organic the (_1|fferent conditions at the SN boundary with heavy-
SC'’s, or heavy-fermion compounds, one should check how i{ermlon metals.
works with classical SC. To our knowledge there is up to
now no theory of AR in a magnetic field. Likewise, detailed
measurements for conventional SC’s are lacking, except for The samples were mounted inside the mixing chamber of
experimentdwhere an increase of the critical magnetic fielda 3He/*He dilution refrigerator. Mechanical feedthroughs
for Ta PC’s was observed. Our recent investigation on Snand a differential screw mechanism allowed to establish
In, and Nb(Ref. 4 showed that in some cases the measuredPC'’s by letting a polycrystalline Zn wirediameter 0.2 mm
curves do not correspond to the BTK model, especially forapproach and contact an Ag surface directly in the mixing
Nb. Moreover, the simple BTK theory fails to explain the chamber. The lowest measuring temperature was 30-50 mK.
dependence of the&lV/dl characteristic on the magnetic The applied magnetic field produced by a superconducting
field* The main difference is the broadening of the experi-magnet was normal to the main current flow through the PC.
mental curves and the smaller amplitude of the AR featuré@he differential resistancéV/dl vs V was measured by the
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usual lock-in technique in the temperature range betweeand 4.6 mT, and the other six went normal at fields of 8—26
0.03 and 1 K. Of the 24 different PC'’s investigated, 10 weremT with a continuous suppression of the AR feature. Similar
studied in detail to find the temperature and magnetic-fieldlifferences in the field dependence of PC spectra were al-
dependence adV/dl vs V. All PC’s were established on the ready observed in In-Ag and Sn-Ag contacts without, how-
same Zn wire by mechanically scanning it over the Ag sur-ever, a systematic investigatién.

face before establishing the contact. For the description of the measured curves and their tem-
perature and magnetic-field dependences, the modified BTK
. RESULTS model was used. This model includes finite-lifetime effects

described by a parametErresulting in a broadening of the
Figures 1 and 2 display the temperature and magneticquasiparticle DOS in the SE:
field dependence of thdV/dl curves vsV for two Zn-Ag

PC’s with almost the same resistance. The curves show a e+ill

distinct double-minimum structure which changes smoothly N(E,I)=R [(e+i[)2—AZ2 |

with increasing temperature. In a magnetic fi@dwe ob-

serve two different types of behavior. Either tldd/dI The data can be described very well with this mogs!

curves evolve smoothly towards the normal state with in-dashed lines in Figs. 1 and 2 for curves at 0.06 X com-
creasingB [Fig. 2b)], or the double-minimum structure plete fit, i.e., without adjusting the amplitude of the measured
abruptly  disappears with increasingB  between and theoretical curves, was only possible by admittihg
Bf“=4.06-4.15 mT[Fig. L(b)], which is slightly smaller %0, especially for curves in a magnetic field. The barrier
than the bulk critical fieldB®"*~5.5 mT. This double- parameteZ was kept fixed, independent dfandB. T, too,
minimum structure is a hallmark of AR at the SN interface ofwas found to be independent ®ffor all PC’s under inves-

a metallic PC with a small barrier, i.e.<®<1.! Of the 10  tigation. The temperature dependenceAdfT) for Zn ob-
contacts studied in detail, fognos. 2.4, 6, and 10, see Table tained by the fitting procedure is shown in Fig.A.T) for a

I) showed the discontinuous behavior WBISC between 4.1 PC with 2A(0)/kT, = 3.5 is in perfect accord with the BCS
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TABLE |. Parameters of the measured Zn-Ag PC’s. See text for symbols.

No. Rn(Q) T, (MK) BYY (mT) A(0) (ueV) z T (ueV) 2A(0) /KT,
1 0.47 830 8 124 0.51 6.5 3.47
2 0.5 820 4.15 112 0.5 6 3.17
3 0.6 815 26 130 0.46 9 3.7
4 0.87 820 4.42 105 0.47 10 3.0
5 0.98 835 15 102 0.47 7 2.8
6 1.19 840 4.62 125 0.5 10 3.45
7 2.03 850 26 135 0.42 28 3.7
8 2.19 815 11 135 0.42 27 3.84
9 25 815 25 105 0.4 23 3.0
10 2.84 825 4.4 120 0.45 27 3.37
Average 82612 119+12 3.35:0.35
Ref. 12 875 5.3 120 3.2

theory. A(T) for a PC with 2A(0)/kT, = 3 is somewhat
below the BCS curve whereas for a PC with(®)/kT, =

3.8, A(T) is above.

The variation ofA(B) andI'(B) in a magnetic field is
shown in Fig. 4. Again, two distinct types of behavior are
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magnetic field. We have found thB{B=0) increases also
with the PC resistancé-ig. 5, Table }. The zero-field™ and

its increase with PC resistance are a few times lower as was
found for Zn-UPg PC's®

observed. In one case, corresponding to the contact of Fig.
1(b), A(B) remains almost constant with increasing mag-

netic field until a sudden drop &°<B!"* indicates a first-

netic field, A(B)=[1— (B/B¢)?]"2 (Ref. 9.

The parametel’ increases only slightly witB in the first
case, while in the second caBdncreases considerably with

A/A,

FIG. 3. A(T) for different PC’s with 2A(0)/kT.=3.0+0.1
(top), 3.45+0.05(middle), and 3.75-0.05(bottom). Different sym-

T/T

[V

bols indicate different PC’s. Data are normalizedy=A(0).

IV. DISCUSSION

A(T) for Zn perfectly follows the BCS theory for PC’s

order transition to the normal state. For other PC's such a¥ith 2A(0)/kT, close to the theoretical BCS value 3.5. PC’s
that of Fig. 2b) A(B) decreases continuously with increas- With 2A(0)/kT. = 3.8 (above this valueshow aA(T) de-
ing B [Fig. 4(b)] showing for some PC’s a dependence charPendence slightly above the BCS curve as found in the case

acteristic of a thin superconducting film in a parallel mag-°f Strong-coupling SC such as Pb or some aIIUy@ons_e—
quently, PC’s with A(0)/kT, = 3 (below the theoretical

value show aA(T) dependence below the BCS curve. The
agreement of tha (T) dependence with the BCS theory pro-
vides evidence that the modified BTK model has a solid
physical foundation and can be used for the determination of,
e.g., the magnetic-field dependencelof
In the majority of cases the value of the barrier strength
Z was found to be between 0.4 and @Eable ). Normal
reflection of the quasiparticles at the interface caused by mis-
match of the Fermi velocities ¢ yields Z=0.13 using
D,
vE9=1.39x 10° m/s andvg"=1.82x10fF m/s!* Thus some
natural barrie(e.g., oxide is always present in the PC. It is

Z=(1-r)/2r'2

(Ref.

where

r=vei/ves
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FIG. 4. A(B) (triangles andI"(B) (rectanglesat T=0.06 K for
PC’s(a) from Fig. 1 andb) from Fig. 2. Solid and dash-dotted lines
in (b) are Ax<[1—(B/B,)?]*? [as for thin fims(Ref. 9] and A
o (1—B/B,)Y? [as for type-Il SC's(Ref. 10]. Dashed lines are
guides to the eye.
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10 - entA(B) dependences for PC’s with the same resistance or
almost of equal size. This means that a size effed., as
caused by an increase of the parallel critical field for thin
films) plays a negligible role in our case, leading us to sup-
pose that the different types of structures of the metal in the
constriction cause the different behavior. Moreover, we have
observed the first-order transition for PC’s with resistance up
to 10 Q) corresponding to a linear dimension of about 10 nm
according to Eq(10) in Ref. 13, or a few timedessthan
| a ] A= 30 nm. This is once more in contrast with the hypoth-
e S esis of a thin film of type-I SC where the first-order transition
Ry () is observed only fod=3\ .°
Interestingly, the first-order transition was observed only
FIG. 5. Dependence of the parameteron the PC resistance for PC’s with 2A(0)/kT.<3.5, whereas PC’s with a second-
Ry for Zn-Ag and Zn-UPj (Ref. 8 contacts. Solid lines are guides order transition have smaller as well as larger values of the
to the eye. reduced gap that 3.5. The latter observation suggests differ-
ent reasons for the reduction of the mean free path. First, the
interesting to note that the sardevalue is often found both strong structural disorder in the PC may result in a softening
for high-T, material§ and for heavy-fermion of the phonon spectrum of the metals leading to an enhanced
superconductor$. This indicates that the difference in the electron-phonon coupling parameter corresponding to a
Fermi velocities plays a negligible role in all these cases andtrong-coupling SC. Second, impurity contamination of the
some physical barrier is at the origin &@f PC does not necessarily change the phonon spectrum and
The two distinct types of behavior of thA(B) and electron-phonon interaction, and hence may result only in a
I'(B) dependence in a magnetic field observed for(Big.  reduction of the mean free path without altering the reduced
4) are connected, according to our earlier suggestitm, gap.
different structures of the metal in the PC. For a type-l SC Turning to a discussion oF, we first note thafl" for
the transition into the normal state is of first order with aB=0 is often attributed to inelastic scattering, i.e.,
discontinuous drop to zero of the energy ga}ﬁ&%’ﬂk. Inour I'=#/7,, with the inelastic scattering rate;l ." However,
case the critical field in the PC is smaller tha#f" presum-  in our case it is difficult to associafewith “usual” inelastic
ably because of the demagnetization effect arising from thecattering processes such as electron-phonon and electron-
geometry of the PC. electron interactions because these processes are negligible
A second-order transition occurs for a type-1 SC only if it at the low temperatures of our experiment. Figure 5 shows
is a thin film with thicknessi<<3\| , where\ is the Lon- thatT" increases roughly linearly with the PC resistafige
don penetration depthindeed, theA (B) dependence in Fig. while at the same time\(0) (not shown shows a large
4(b) looks like theA(B) behavior of a thin superconducting amount of scatter varying between 105 and 135/ (Table
film. In case of disorder in the PC resulting in a short mean), but within this scatter is independent Bf;. There is no
free path |<¢, the SC might be of typell, i.e., correlation betweei(0) andI’ which might be expected if
E=(&N)Y2< 2 =2\ (& /1)Y2 This yields an increase T'(0) is related direct to pair breaking.
of the critical fieldB,,=®,/&? and a second-order transition It should be emphasized that Zn is an anisotropic metal
to the normal state. The calculated values@nd\ (Table  because the/a ratio deviates from the ideal value 1.63 for a
II) show that indeed< y2\ for all PC’s with second-order hexagonal close-packed structdfeThis leads to a strong
transition. anisotropy of the electron-phonon interaction spéctndnich
It should be noted that we observed the drastically differ-may result in a gap anisotropy. In this case some gap distri-
bution in our polycrystalline PC is possible, which can be
TABLE II. Calculated characteristic lengths for the PC's with described effectively by'. However, in this way it is diffi-
second-order transition assumitig=2000 nm anch, =30 nm for  cult to explain the increase of thiewith PC resistance while
Zn (Ref. 19, using l=®y2méBe,, £=(&)Y2 and  A(0) is independent oRy . Because all our PC’s could be
A=\ (&/1)*2 d is the PC diameter calculated according to themodeled with a lifetime-broadened DOS, a gap distribution
equation Ry=p/d+16pl/3wd®, where pl=0.5x10""Q cm®  would imply the same type of distribution function for all
from Ref. 13. PC’s, which is unlikely. Hence the main origin of a finite
I' at B = 0 is unclear. Furthermore, there is no correlation
No. Ry(Q) Bg (mT) | (m &(mm X (m d(Om  petween the zero-field and the type of superconductor

UPt,

T/A,
<
W
1

1

Ag

0.47 8 21 203 293 75 —normal-metal transition in a magnetic field.
06 26 6 113 548 148 For the PC’s with type-Il SC’s we observed thatin-
0.98 15 11 148 404 61 creases significantly in a magnetic field. Indeed, for pair-

breaking processes which do result in a smearing of the DOS

© 0N U1 Wk

2.03 26 6 113 548 50 o . .

at the gap edges it is known that the pair-breaking parameter
2.19 11 15 173 346 29, increases in a magnetic field and-B for a type-1l SC1°
25 25 7 115 507 38 9 yp )

Moreover Strasler and Wyder showé&tthat smearing of the
Bulk 5.3 =100 2000 30 DOS of a thin film in a parallel magnetic field depends on
the mean free path For largel this DOS is similar to the
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DOS in the modified BTK theory described By. Hence theory.A(B) shows a discontinuous drop at the critical field
pair-breaking processes might qualitatively explain the infor “clean” PC's indicating a first-order transition while for
crease ofl” with B. “dirty” PC's A(B) decreases gradually in a magnetic field.
The zero-fieldI" and its increase with the PC resistance Correspondingly, the quasiparticle DOS of the SC remains
are a few times higher for Zn-URtPC’s (Ref. 8 than for  almost unaffected in the first case whereas for PC’s with a
Zn-Ag PC's(Fig. 5. Furthermore] is considerably higher second-order transition the DOS is smeared in a magnetic
for PC’s with Nb (Ref. 4 and especially for higi-, field. The latter is expected for a type-Il SC because of the
material§ suggesting that the conditions of the SN interfaceincrease of the pair-breaking parameter vitf
strongly influence the pair-breaking processes. The short co- The finite zero-field value of depends on the PC resis-
herence length in the latter materials might also play a roletance and also on the material for both SC and normal metal.
The fact thatl’ is independent of temperature appears to
V. SUMMARY exclude conventional inelastic scattering processes. One can
only speculate about a possible origin such as impurity-

~ We have observed unmistakably in SN point contacts thénterface scattering, gap anisotropy-distribution or a strongly
first-order transition of a type-I SC to the normal state in angnequilibrium state in the PC.

magnetic field. The second-order transition occurring in
some PC's is attributed to the shortening of the SC coher-
ence length via a reduction of the mean free path in the PC.
This leads to type-ll superconductivity with an increased We are grateful to R. Hassler for letting us use his fit
critical magnetic field. program for the modified BTK model and to G. Goll, C.
The modified BTK model can be used to reliably deter-Paschke, and E. Scheer for their help in handling the dilution
mine from thedV/dl curves of PC’s the temperature and refrigerator. Yu.G.N. is very grateful to the Physikalisches
magnetic-field dependence of the order paramatend of  Institut, Universita Karlsruhe for the hospitality and to the
the lifetime parametel” describing the quasiparticle DOS Alexander von Humboldt Stiftung for financial support.
smearing of the SC. I.K.Y. acknowledges financial support under INTAS Project
The A(T) dependence corresponds well to the BCSNo. 94-3562.
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