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Weak-localization effect in superconductors from radiation damage
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Large reductions of the superconducting transition temperdiyasad the accompanying loss of the thermal
electrical resistivity(electron-phonon interactipmlue to radiation damage have been observed for sexéfal
compounds, Chevrel phase and ternary superconductors, and MbiBe high-fluence regime. We examine
these behaviors based on a recent theory of the weak localization effect in superconductors. We find a good
fitting to the experimental data. In particular, the weak localization correction to the phonon-mediated inter-
action is derived from the density correlation function. It is shown that weak localization has a strong influence
on both the phonon-mediated interaction and the electron-phonon interaction, which leads to the universal
correlation ofT; and the resistance ratio.

I. INTRODUCTION irrespective of the manner how the disorder was achieved.

Much attention has been paid to experimental and theol_:urthermore, they found that decree_13|l|g|s _ac_cc_)mpamed
. : L o by a decrease of the thermal electrical resistivaiectron-
retical investigations of the radiation effects on

-3 . o phonon interaction It was also reported that tunneling ex-
superconductors.® For practical applications of the super- . ;
. . ! ._periments in NBGe and Nb-Sn clearly show a decrease of
conductors in the magnet coils of a fusion reactor, the radi

. S %he electron-phonon coupling constanaccompanying the
tion response of the materials is important because they P PIng panying

arg ; ; 6-18
. c . ; ; ecrease of . with disorder*
subjected to irradiation. On the theoretical side, the disorder However, previous theoretical studies focused not on

effects in superconductors caused by irradiation are interes&'hanges of the electron-phonon interaction but on the smear-
ing. The radiation effects in elemental type Il superconducting of the electronic density of states near the Fermi level
ors showed that the superconducting transition temperaturg(E.), the microscopic details of the disorder, the gap an-
T does not change significantly for relatively high-fluencejsotropy, and the enhancement of the Coulomb
irradiations® The slight reduction was attributed to the re- repulsion*®=2° It is obvious that a consistent explanation of
duction of the gap anisotropy. Subsequent annealing leads tfe existing experimental data was not possible in those prior
a partial recovery of thé; changes, implying the impor- theories. Recently, Kim and OverhauSepointed out that
tance of the microscopic details of the disorder structuresanderson’s theorefd is valid only to the first power in the
We note that most elemental type Il superconductors are rampurity concentration and the phonon-mediated interaction
diation tolerant. For instance, the He-4 dose which resultediecreases exponentially by Anderson localization, in agree-
in App~100 n€) cm in NbGe causes\po~2 uf) cm in  ment with the above experimental findings. As expected, it
Nb.* Here p, denotes the residual resistivity. On the otherwas shown that the same weak localization correction terms
hand,A15 compounds show universal large reduction§of occur in both the conductivity and phonon-mediated
and critical currents,, for high-fluence irradiation$:** The  interaction?®?°Based on the reduced phonon-mediated inter-
residual resistivityp, also increases over 100 u{) cm, in-  action, we propose an explanation of the universal reductions
dicating thatA15 compounds are radiation susceptible. Noteof T, and |, and the universal correlation ., and resis-
that the layered compound NbSdernary superconductors tance ratio in Sec. 1$°
LuRhB, and ErRhB,Y® and Chevrel phase Several comments are in ordét) It is obvious that both
superconductord, such as PbMgB;, PbMgS;, and  impurity doping and irradiatiofor implantation can be used
SnMa;Sg, also show the largd . reduction in the high- to study the disorder effects in superconductors and metals.
fluence regime. In particular, compensation of th&. reduction caused by

In this paper we propose an explanation of the micro-magnetic impurities has been observed as a consequence of
scopic mechanism underlying the universal large reductionsoth radiation damage and ordinary impurity dopihg
of T, andl, in A15 compounds and other materials. In par-This compensation phenomenon has been predicted by Kim
ticular, we stress the experimental observation of the correand Overhause?:*® Recently, it has also been observed that
lation between the electrical-resistance ratio and*®*'*  impurity doping and/or ion-beam-induced damage in High-
Testardi and co-worket8* considered Nb-Ge, 38i, and  superconductors cause a metal-insulator transition and
V3Ge for a variety of samples produced with differing thereby suppress. .3’ ~*° These reductions may also be un-
chemical composition, preparation conditions, and withderstood by the weak localization effect on superconductors.
varying amounts ofHe-induced defects. They found a close The only difference is the strong renormalization of the im-
relation between the resistance ratio didor those samples purity potential due to the strong electron-electron interac-
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TABLE I. Irradiation effects oPA15 compounds, Chevrel phases, and NbSe

Sample Irradiating particle Teo AT, Maximum fluence Reference
Nb;Ge « particle ~20 K ~8 K 10t a/cm? 8
Neutron ~20 K ~16 K 5% 10'° neutron/cr 3
NbgSn a particle ~18 K ~15K 7X 10 alcn? 11
Neutron ~18 K ~7K 2% 10" neutron/cri 5
Electron ~17.8 K ~3.8K 4x 107 electron/cri 20
Nb,Al Neutron ~18 K ~14 K 5% 10 neutron/crf 6
Nb,Pt Neutron ~10.6 K ~8.4K 3% 10" neutron/cm 24
V;Si « particle 16.8 K ~145K 7X 10" alcn? 11
Neutron ~165K  ~135K  2.5<10" neutron/cm 3
V,Ge «a particle 6.5 K ~55K 5% 10t a/cn? 11
PbMa;S; Neutron 12.8 K ~8.6K 1x 10" neutron/cri 3
PbMa;S; Neutron 61% 1.% 10" neutron/crd 3
SnMa;Sg Neutron 51% 1.% 10" neutron/crd 3
2H-NbSe Neutron ~50% 3x 108 neutron/cr 3

tion in high-T; superconductors(2) Although Anderson’s Nb,G&’, NbyPt?4 V,3Si*"1t and \,Ge*!l Both high-

theorem suggests no change of the electron-phonon interagnergy neutroh®'® and other energetic charged particles,
tion due to the very strong disorder, there is overwhelminggych as proton¥ o particles*®1:13 oxygenst?2 and

experimental evidence for a decrease of the electron-phonqlectron<® were used to irradiate a variety @15 com-

interaction in the strongly disordered samiﬁleg and in theyoynds. Table | summarizes the experimental results of the
hlghtﬂuence regime. For instance, tunnel 91;12 SPecific o diation effects om15 compound superconductors, Chev-
heat,” x-ray photoemls§|pn spectroscopyP_S), loss of g phases, and NbgeNote that the largd . reductions are
thermal electrical resistivit§,and the correlation of . and found in not onlyA15 compound superconductors but also

; 9,11 )
the reS|s_tance f?‘ﬁ‘? reveal the decrease of the electr_on Chevrel phase superconductors, ternary superconductors, and
phonon interaction when the electrons are weakly localize bSe, implying the universality of the phenomenon

Weak localization leads to a decrease of the amplitude of the Thé response of the superconducting properties;\]ﬁ

elect.ron wave function. As a re;%“’g the phono.n'med'ate%ompounds to irradiation can be classified into behavior at
matrix elements are also decreastfig’ (3) Tunneling data low fluences and at higher fluences. In the low-fluence re-

do not show any enhancement of the Coulomb_. : : - :
. . . ime, little or no change i, occurs, while universal large
repulsiont®~*8 In addition, the loss of the thermal electrical 9 g€ IMe 9

resistivity with decreasing . and the universal correlation reductions off; are observed for higher fluences. We focus
Y ge on the universall; reduction in this paper. The boundary

betweenT . and resistance ratio cannot be explained in terms cwveen the two regimes depends on the irradiating particles,

g{sgh;;ggfoazﬁo?]f th:'a diggl)onn;ti)n'gﬁ;%?gﬁng;é;aggg?als since heavy ions give rise to more severe radiation damage.
e P ' For instance, the low-fluence regime corresponds to neutron

3,43,44
such as PbM¢S;, POMaS,, gand ShMesS, and  fience <~10%neutron/cd  and to “He fluence
NbSe,* at fluences above 10'® neutron/crd. These mate- 4 15 410/c0? For much more higher fluences the satu-

rials are more radiation sensitive thad5 compounds. It is ration of T is often found. It is noteworthy that the saturated

;:Iete;]r t?sit :he ongi]m dOft t?le s';r?r?@ dzedrudctlrorélst rr10|t {e:]lattedth T. state is accompanied by a saturated value of the residual
0 IN€ microscopic details of the disorder, but related 1o esistivity po.* Accordingly, classification based on the re-
universal nature of the electronic state in the irradiate

samples idual resistivity(not the fluencemay be more appropriate.
InpSeé Il we briefly review the exoerimental results Ofln terms of the residual resistivity, the low-fluence regime
the radi ti‘ n’d m 3% ts &5 mp nds. The univer- corresponds tpy<~10 ) cm irrespective of the irradiat-
sael Igr ae (:e d act':r?eo;' ectf]e acggm p:r? 'ns. desrgas: of ing particles. The saturations @f and the residual resistiv-
9 ueti A panying. ity are easily understood in this classification scheme.
thermal electrical resistivity, and the correlation Bf and From Table I, it is clear that the universg reduction is
the resistance ratio will be emphasized. In Sec. Ill, the weal§~IO '

localization correction on the phonon-mediated interaction IS, t crucially dependent on any specific iradiating particle,
; ) ) . n ific material, and an ifi fect. Many physi-
derived. The resultingr, decrease will be compared with y specific material, and any specific defect. Many phys

experiments in Sec. IV cists noticed that the universal reduction is governed by
T the total residual resistivitp, due to the radiation damage
and the inherent damage present in the safh&!Fur-
thermore, the close relation between thg decrease and
resistance ratio was established in Nb-GezSV and
V;Ge?891! The relation was also noticed in Nb-O solid
SeveralA15 compounds have been investigated, includ-solutions®® Testardi and co-worket§*! reported that the
ing Nb,Sn> 71171320 NpAl 6710 Nb,Ge#6-81113  correlation ofT, and the resistance ratio is independent of all

Il. RADIATION EFFECTS IN A15 COMPOUND
SUPERCONDUCTORS: UNIVERSAL T, REDUCTION
AND RESISTANCE RATIO
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sputtering conditions, film thickness, composition, and radia- . f 4
tion damage. This result implys that defects produced during H:E €nCnaCna™ E Vnn'CnfTCi/lCaCm, 3
irradiation are similar in their effect of, to those produced " nn’,n<n’
during the film growth process. Consequently, the correlationhere
of T, and the resistance ratio is also universal. Until the
resistance ratio is about 5, does not change much. When it N .
is smaller than 2T . drops quickly. Finally superconductivity Vo :VJ’ P () i (1) Y1) (T dir . (4)
disappears if the resistance ratio is around 1. Testdrdi? o
also found that decreasiniy is accompanied by the loss of Here €, is the normal-state eigenenergy amddenotes the
the thermal electrical resistivityelectron-phonon interac- time-reversed partner of the scattered staté&quation(4)
tion), which indicates the significant role of defects in bothwas first obtained by Ma and L&g.
superconducting and normal-state behavior. This finding,
consistent with the correlation df. and the resistance ratio, A. Andersons’ theorem
predicts the complete destruction of superconductivity for a . .
resistance ratio less than 1 because of the complete loss of ?t/ha u:mtary transf?r?]atmn between the scattered states
the electron-phonon interaction. and the plane-wave states,

Other evidence for the decrease of a electron-phonon in-
teract|or) in the high fluence regime is the followirid) By. lﬁna:Z ¢|Za<|2|n>1 (5)
chan4n7elmg measurements in single-crystglSV Testardi K
et al”"’ also found that radiation damage leads to large in- : .
crease of the resistivity and a reduc?ion of the eIe%tron-Equatlon(A') can be rewritten &3
phonon interaction(2) Viswanathan and Cat6f reported
the correlation ofT . and the residual resistivity in neutron- = — K InMWKINY (K=daln’ MW =K' —qln’)*.
irradiated \4Si. (3) Tsuei, Molnar, and Coéy did a com- Vo V;Z,zﬁ;a< KImkim*(k=gln’)(~k'~g[n?
parative study of the superconducting and normal-state prop- (6)

erties of the amorphous and crystalline phases ofG¥  aAngersoR” assumed that the transformed BCS part in &4.
They found that the drastic reduction 8t is due to the  j3v5 3 much more important role and each individual matrix
changes in the strength of the electron-phonon interactiorkjement of the remaining interaction is so small as to be

Pollak, Tsuei, and Johnstidid an XPS study of the crys- safely disregarded. Then the normalization condition of the
talline and amorphous phases of J&& and found that the ¢cattered states leads to

crystalline phase has a highEy because of the enhancement
of the electron-phonon coupling.

The response of the critical curreintalso depends on the
fluence. For the low-fluence regimk, decreases first with . .
fluence, and then increases with increasing fluence, implying =V, [(kIny|2(n’[K")[2=V, (7)
the importance of the flux-pinning mechaniéi?® For kK’
higher fluences, the universal reduction Tof drives down  \which is the essence of Anderson’s theorem.

\/BCS
Vo =VES

I..>%152Thel, drop is field independerit. However, the remaining term
I1l. WEAK LOCALIZATION CORRECTION TO THE non-BCS__ _ Cla\* /b Al
PHONON-MEDIATED INTERACTION Vi _VH% ,2,&< K mdkimy*Ck=gln”)
In the presence of an impurity potentidl,, the Hamil- x(—IZ’—(i|n’>* (8)

tonian is given by
cannot always be ignored. As Anderson suggested, the above
p2 term is indeed negligible in low-fluence regime, where re-
Hzf dr> \PL(r)[—Jon(r)}\Ifa(r) sidual resistivity is smaller than 1,0€) cm. In fact, the low-
@ 2m fluence regime corresponds to the dirty limit wherég1/
<0.1. kg andl denote the Fermi wave vector and mean free
—Vf \If}r(r)\lflr(r)llfl(r)\lq(r)dr, 1) path, respectively, whereas for higher fluences, the remain-
ing term contributes significantly. In this regime, the electron

whereW(r) and W (r) are creation and annihilation opera- Wave functions are weakly localized. Note that weak local-
ization yields the well-known weak localization correction to

tors for electrons. In terms of the exact scattered state

: the conductivity.
¥n(r), we expand the field operatdir,(r) as Now we calculate/,, including both BCS and non-BCS

terms. In order to do this, we use Eg) [not Eq.(6)] which

is more physically transparent. In the dirty limit, the exact
eigenstateg,(r) can be approximated by the incoherent su-
perpositions of plane-wave states suggested by Thotiess,
where c,,, is a destruction operator of the electron. Uponwhich leads to the Boltzmann conductivity. The wave func-
substituting Eq(2) into Eq. (1), we find tion, with energyﬁ2k§/2m, is written as

wa<r>=; Un(1)Cha s (2)
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n i power-law wave function t# does not contribute to the cur-
Pa(r)=2 aje’. (9 rent, the conductivity is reduced as
k

The amplitudesaE are assumed to be independent normally o .
distributed random variables with variance o =0pA"=0p

(15

-1
(keh?\ " L]
T 1 A similar situation occurs in the phonon-mediated interac-
QK (k—k )2+1/412: (10) tion. The power-law component does not contribute to the
n n phonon-mediated matrix element either. The reason is the
for largek,l. HereQ denotes the volume of the system.  following: since the power-law component peaks at some
Inserting Eq.(9) into Eq. (4) we obtain point, its contribution to thédoundstate of Cooper pairs far
from the point is almost negligible. This is analogous to the
5 5 insensitivity of the localizedbound state with the change of
Vnn’:VJ [ (1] %[ ¢n(r)|dr the boundary condition&. Accordingly, substitution of Eq.
(14) into Eq. (4) leads to the weak localization correction to
the phonon-mediated interaction,

ng .n’ .
aiz* alz, = 5nn/ §le’

— N_Nx ik-ra—ig-r n' _n'x jik'-ra—iq’-r
Vf kz agag*e e k/z agag e e dr
q q

Vnn/:Vf ag|? aQ,/Z (D)2 e (1)) 2dr
2dr=V. (11) Ek |ag] ; lag, [ ()] % g ()]

n/
a‘;,

(Here we assum@ =1 for the phonon-mediated matrix el- :VJ [c(r) |2 o (1) | 2dr (16)
ement, in accordance with the usual notafibrf) We have

made use of Eq(10) which eliminated the non-BCS cross

terms sincen andn’ are different* and are not dummy in- . 3 I

dices. AsV,, does not contribute to superconductivity in =VA"'=V P |)2(1_E) : (17
homogeneous systemyV,,, does not contribute to super- F

conductivity in disordered system$HereV, is the(forbid-  We have made use of the fact that E46) does not depend
den diagonal term in the BCS reduced interaction. As agn K or k’.

1—

result, Anderson’s theorem is proved for laigg under this We can also derive the weak localization correction term
assumption. in Eq. (17) without using Eqs(12)—(14) based on the diffu-
sive density correlation for the eigenstates. In order to do
B. Weak localization correction this, it is important to note that the matrix elemew,,

For the high-fluence regime, we may use the weakly lo-denotes the correlation function between two eigenstates
calized wave functions suggested by Kaveh and Nfof. and iy, as is clear from the expressftn
For three dimensions, the weakly localized wave functions
consist of power-law and extended wave functions,

V -
Vnn'zvf |‘//n(r)|2|l/fn’(r)|2dr:5 Z |<‘//n|elq.r|1//n’>|2'
q

ikr

- 18
Y(r)=A“"+B—, (12 19
r We have evaluated the sum owerFor quantum diffusion of
where electrons, it was shoVfi %€ that
1 1 3 1 s 1 Dg?
A2=1—47782(——— , BZ=— —. 13 e )| av= - :
I L 8 k|2:| ( ) |<dln| |l/ln >|AV 27TﬁN0(E|:) (Dq2)2+(€n_5nf)2/ﬁ2

L denotes inelastic diffusion length. We then write an eigen- (19
statey,, as whereAV means the average over all states, BgtEg) and
D are the density of states and the diffusion constant, respec-
tively. This quantity is proportional to the spectral function
(14  for the density correlation functiom(q, ), which is de-
fined a&®

ikr
A T+B—.
r2

Ua(1) =2 ajg(r) =2, a;
k k

Comparing to Thouless’ wave function, E@), Kaveh and
Mott's wave function includes the power-law component - o otaid-(—1") )

which originated from the diffusive motion of the electrons. A, @)= f_mdtdrdr e-e (Lp(r',1),p(r,0)),

While Thouless’ wave function corresponds to the Green’s (20)
function in the self-consistent Born approximatii®

Kaveh and Mott’s wave function corresponds to the Green’svherep is the density operator. In E¢19) we may assume
function which includes both the Born scattering and thee,=¢€,, since we are interested in states very near the Fermi

coherent backscattering due to impuritiés® Since the energy.
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Note also that in the presence of impurities, the correla-

tion function has a free-particle form fdr< 7 (scattering
time) and a diffusive form fot> 7.2° As a result, fot> 7 (or
r>1), one find§®

1 -
R:f |¢n(r)|2|¢n’(r)|2dr: Q Z |<¢n|elq.r|¢n’>|iv
t>r q

- > ! (22)
O L 55 27iNg(EF)DG?

__ 3 (1—'—) (22)
C2(ke2\ T L)

In Eg. (21), the lower limit is~#/L, the upper limit being

~ /1, corresponding to the diffusive motion of the electron

in real space. Note thaNy(Eg)=mk:/27?4% and D

=(1/3)vgl, whereas the contribution from the free-particle-

like density correlation is
Vnn’:VfK |¢n(r)|2|'r//n'(r)|2drEVA4

1_

|
(kFI)2<1_E) ! =9

with A?=1-R.%® Since the phonon-mediated interaction is
retarded fort,o;~1/wp, only the free-particle-like density

WEAK-LOCALIZATION EFFECT IN SUPERCONDUCTOR . ..

14 737

(1%)

oM

(28)

HereF (w) is the phonon density of states alMdis the ionic
mass.({I?) and(w?) are the average over the Fermi surface
of the square of the electronic matrix element and the pho-
non frequency? For a homogeneous system with the Ein-
stein model, it is written as

15
)\OZNO_Z,

wp

(29

wherel g is the electronic matrix element for the plane-wave
states andwp denotes the Einstein phonon frequency. In
BCS theory, Eq(4) leads to the BCS coupling constant

)\BCS: Nov, BCS theory. (30)
Comparing Egs(29) and(30), we get
15
\Y; (31

= >
M(J)D

In general, using the equivalent electron-electron potential
in the electron-phonon problefA,?

2
IO

V(x—x")— D(x—x"), (32

2

correlation contributes to the phonon-mediated matrix ele- ®p

ment. This leads to the same weak localization correction t
both the conductivity and the phonon-mediated matrix ele

ment. Herewp, is the Debye frequency.
The BCST, equation is, now,

T.=1.130pe Perr, (24

S
(keh2\™ L))

The initial change inT, relative to T, (for pure metal is
then

where

Nett=NgV (25

(26)

where the BCS\ is NgV. This result is in good agreement

with experimentg267-%°

C. Strong-coupling theory

In the strong-coupling theorf;’* the electron-phonon

coupling constant is defined By

A=2

C!Z w w
dew 7
w

Qith x=(r,t), the Frdnlich interaction at finite temperatures

for an Einstein model may be obtained by

12
Vig(w,0")= Ozffdrdr’¢’k5,(r)¢’i§,(r’)D(r—r’,w
MwD
—@")_(r')éi(r)
15 f ) ) wp
=— o (r (Ddr—m—m—
Mw% |¢k( )| |¢k( )| a)%-l—(w—w')z
Vie b 33
- kk’sz-l-(w—w')z,
where®
1 sz = ,
Dr-r'o—w')=—= > ——————¢la (=)
( ) Q q (w—w’)2+w2D
b
- 5(r—1). (34)

(0— ")+ 0h

Here o means the Matsubara frequency apygldenotes the
plane-wave state. Note that the spatial part of the phonon
Green'’s functiorD(r—r’,w— ') becomes the Dirac delta
function, since the phonon frequency does not depend on the
momentum. Consequently, E¢33) leads to the coupling
constant
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2
I 0

No=No(Viir(0,0)=Ng—— (39
MwD
and the strong-coupling gap equatidn
N AK',w")
AK@)=TX 2 Vig(0,0) —5—5
o K w +El2,((1))
5 R
wp Ak, 0")
Ty — 2 S Vi,
; (0— ')+ wh % KK w’z-l-EE,(w’)
(36)

where

Ei(o')=e, +AL(0'). (37)
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FIG. 1. Calculated s vs residual resistivityo for Nb;Ge and

In the presence of impurities, weak localization leads to &b,Sn. Experimental data are due to Wiesmatral, Ref. 13.

correction toa? or (12), [disregarding the changes B{ w)
andNg]. From Eq.(32), one finds

12
Vo (w,0")= OzJ Jdrdr'l//:,(r)ljxﬁ,(r’)D(r—r’,w
MwD
=" ) ir") n(r)
15 f ) ) b
== ’ d -~
oz ) [Pl fer s
2
wp
=V,w—"— 38
nn w2D+(w—w')2 8
and
15 2 2
A=No(Vnn(0,0)=Ng 2 <J' | (1) ] s (1) dl’>,
M(UD
(39
which agrees with BCS theory:
)\eff:NOV<J |¢n(r)|2|‘/’n’(r)|2dr>- (40)

where a4, includes an average of a geometrical factor 1
—cosbg . Assuminga? = a2, we obtain

27kaBT)\ _ 2mmkgT 12
nen ° néh Mod

3

1_
(keD)?
(43

Note that decreasing. is accompanied by the loss of the
thermal resistivity p,n(T), in good agreement with
experiment: The ternary superconductor LufB), (Ref. 15

also shows the same behavior. The room temperature resis-
tance ratio is then written as

Pph(T)E

277X 300 K

7 Neff-
(44)

When A s goes to zero, the system is not superconducting
and resistance ratio becomes 1, which is in good agreement
with experiment$:2°1146 More details will be published
elsewhere.

p(300 K) _ pot ppn(300 K)~1+
Po Po

IV. COMPARISON WITH EXPERIMENTS

. . H 3 H
Therefore, both the weak- and strong-coupling gap equations Wiesmannet al*® examined theT. change of vapor-
give basically the same result of the weak localization effecfleposited NbGe and NBSn as a function of particle flu-

in superconductors.

D. Resistance ratio

According to Matthiessen’s rule, the resistiviiy(T)
caused by static and thermal disorder is additive, i.e.,

p(T)=po+ppn(T), (41

where p,, is mostly due to electron-phonon scattering. At

ence. The 2.5-Me\k particles irradiated the samples, which
were held at 30 K. The samples were then cooled, and both
T. and the residual resistivity, were measured. Figure 1
shows the dependence ©f on py in NbsGe and NR(Sn.
Thin lines are our theoretical results obtained from Eg4)

and (25). We find good agreement between theory and ex-
periment. The Debye temperature aiid, (for the pure
sample are wp=302 K,T;;c:=23 K and wp=290 K, T

=18 K for Nb;Ge and NBSn, respectively. In the absence

high temperatures, the phonon limited electrical resistivity i<°f €xPerimental data for the inelastic diffusion length, we

given by®

ArmikgT [ a2F(o)
pon M= e [ %40, (a2

used the same value df=Dr=1x387 A/T for both
materials’® Here 7; means the inelastic scattering time and
denotes temperature/K. We assumed T2 corresponding
to the electron-electron interactiorfs’® Since it is very dif-
ficult to evaluatekgl accurately,’ we assumed thap
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FIG. 2. (a) CalculatedT's vs resistance ratio for Nb-Ge. The data points relate to about 130 films made with various sputtering voltage,
deposition conditions, film thickness, crystal structure, and chemical composition. Data are from TestakdiRef. 9. (b)
T.-resistance-ratio correlation band for 130 as-grown films with the values for damaged films superimposed. Data are frenalp e
8.

=100 x{) cm corresponds tk:l =3.65 and 3.60 for NjGe  experimental valudsat 300 K in the following manner:
and NBSn with the same value d&-=0.3 A~1. These val-  Ppn(300 K)=90 nQ) cmX \g(1—2.4Kkel)/No. We used
ues also give a good fitting to the dependencd obn the the same values fde:,L, andwp as in Fig. 1. But we found
residual resistivity in impurity-doped sampl€sThis is per-  that T,o=24 K for pure NiGe gives a better fitting, which
suasive evidence that tig behavior is not crucially depen- supports the conjecture that sputtered films may have not yet
dent on any specific defect; rather its behavior is governe@chieved the highest possibig’s.’
by the residual resistivity. Poateet al® irradiated superconducting Nb-Ge films by
Testardi and co-worketprepared about 130 Nb-Ge films 2-MeV « particles and found & .-resistance correlation
and examined the dependenceTgfon resistivity, resistance Similar to that as-grown films. Figure(td shows the corre-
ratio, chemical composition, and sputtering conditions. Thdations both for 130 as-grown fills and for
Nb/Ge ratios were in the range ef2.4-5.5 and film thick- a-particle-irradiated film&.They lie nicely within the corre-
ness were about 2000-3500 A. Only films which show aation band. It indicates that the correlation Bf of the re-
width of the superconducting transition less tha2—3 K  sistance ratio is universal irrespective of how disorder is
were chosen to ensure the macroscopic homogeneity of theaused, e.g., by irradiation or substitutional alloying. There-
samples. They found a universal correlatioriTgfand resis-  fore, our theory provides an explanation of both data. The
tance ratio irrespective of all sputtering conditions, composicorrelation was also reported in;8i and \4Ge*
tion, and specific nature of the disordéy®> 1" Figure 2(a)
presents a sampling of.-vs-resistance-ratio data for 130
Nb-Ge films by them. The correlation betwe&p and the
resistance ratio is obvious. Resistance ratios less than 1 were It is clear that the weak localization effect in supercon-
generally found in films which are not superconducting,ductors caused by impurity doping or radiation damage
which agrees with theoretical expression, E). Our the-  should be subjected to further experimental study. In particu-
oretical curve, which was obtained from E§24), (25), and lar, since the same weak localization correction term occurs
(44), is also shown in the same figure. We again find goodn both the conductivity and the phonon-mediated interac-
agreement between the theoretical curve and experimerntions, comparative study of the normal and superconducting
Since A15 compounds show deviations from Matthiessen’sproperties of the samples will be beneficial. It is noteworthy
rule possibly due to saturatidrf® we adjustedp,,(T) to fit  that Fiory and Hebafd found that both the conductivity and

V. DISCUSSION
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the transition temperature vary akg() 2 for bulk amor- VI. CONCLUSION

phous InQ.

The antilocalization effect of the spin-orbit interaction
will provide more insights into the weak localization effect
in superconductors. In fact, Millezt al®* found compensa-
tion for the T, decrease in highly disordered superconductor
by adding impurities with large spin-orbit scattering.

We have considered irradiation effects Ah5 supercon-
ductors. The universal large reduction Bf and . due to
radiation damage has been explained by the weak localiza-
tion of electrons. Using the weak localization correction to
She phonon-mediated interaction derived from the density
correlation function, we calculated, values which are in

The loss of thermal electrical resistivipy,,(T) (electron- 0od aareement with exoerimental data. It is shown that
phonon interactionwith decreasingl', needs more experi- 9 greeme permente '
weak localization decreases significantly both the electron-

mgntal stud.y. In p’artlcular, we may con§|der samples satlsf)honon interaction and the phonon-mediated interaction, and
fying Matthiessen’s rule, where correlation ®f and the

: o, . thereby gives rise to the universal correlationTgfand the
resistance ratio is more physically transparent. We propose

to investigate the usual low; superconductors near the resistance ratio.
superconductor-insulator transitifhWe expect to find the

loss of thermal electrical resistivity as approaching the insu-

lating regime. Unfortunately, no systematic study is available

yet. Note that this behavior may provide a means of probing Y.J.K. is grateful to Professor Yun Kyu Bang and Profes-

the phononmechanism in exotic superconductors, such aspr Bilal Tanatar for discussions and encouragement. M.P.
heavy fermion superconductors, organic superconductorshanks the FOPI at the University of Puerto Rico—-Humacao
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