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The specific-heat jJump@AC at a critical temperatur@, in an anisotropic superconductor containing both
potential and spin-flip scatterers is calculated within a weak-coupling mean-field approximation. It is shown
that the presence of even a small amount of spin-flip scatterers in the sample leads to a drastic change in the
dependence oAC on T, in a disorderedd+s)-wave or a strongly anisotropiswave superconductor. The
implications for experimental tests for the presence ofsamave admixture in the superconducting order
parameter of higli, superconductors are discussed.
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I. INTRODUCTION may be present in small proportipoan strongly modify the
value of T, as well as other characteristics of a supercon-
Although there is a considerable evidence in favor of preductor in the vicinity of T..”® It is therefore instructive to
dominantlyd-wave in-plane symmetry of the superconduct-elucidate if an account for spin-flip scattering will change the
ing order paramete&(p) in high-temperature superconduct- conclusion drawn in Ref. 6 concerning the impurity effect on
ors (HTSC9,'! a number of experiments point to an AC in anisotropic superconductors.
admixture of thes-wave component td-wave A(p), imply- The influence of the ratio of spin-flip to nonspin-flip scat-
ing a mixture ofd-wave ands-wave components, see refer- tering rates on the specific heat jump in a weakly anisotropic
ences in Ref. 1, or even to a strongly anisotropiwave  superconductor has been considered earlier by Okabe and
A(p), see Refs. 2 and 3. The nonputavave symmetry of  Ngagi® In the present paper we study the combined effect of
A(p) is supported in part by a long tail suppression of thepotential and spin-flip scatterers &€ in a superconductor
critical temperatureT,, by defects and impuritiés charac- it arbitrary anisotropy of\(p), includings-wave, d-wave
teristic for a nonzero value of the Fermi surfa&®) average gnq (d+s)-wave as particular cases. In what follows, we
(A(p))rs While (A(p))es=0 for ad-wave pairing. However, e yse of the following approximation§) we consider
neither the presence nor the absence of an isot®piave  he pairing interactions in the weak-coupling limit of the
component ofA(p) in HTSCs has not been demonstratedgcg model and assume that the pairing potential can be
unequivocally yet. . o taken in a factorizable forntji) we treat the impurity scat-
Recen'tly Hara et al> have shown that S'gn'f'ca’?t fea- tering in the Born limit;(iii ) we assume as-wave scattering
tures attributed to the-wave _p_art OfA(P) may be seenin the of charge carriers by both potential and spin-flip scatterers,
measurements of the specific heat Jymﬁ atTe in d!sqr- so that the scattering matrix elements are momentum inde-
dered(d+s)-wave superconductors with nonmagnetic 'mpu'pendent(iv) we neglect any dynamic pair breaking effetts
rities._lt was found_ in Ref. 6 that there is a qgalitative differ- One should keep in mind that the mean-field BCS the(.)ry
?ng)lcvg\]/eeesvuogztrlggnﬁgtgpsd.e\;vc::ifgr%ec;\r/]v%\llmed_vsng\)/srigg- does not dgscribe 'th .effect_s of spfitial variation of the order
ductor, the value oAC normalized by the normal state spe- parar_net.e.r n th? vicinity of impuritieS. 'I_'hese effects may
cific heatC,(T,) monotonously goes to zero s is sup- Ibe significant in supgrconductors Wlth ;hort coherence
pressed by nonmagnetic disorder, in @+s)-wave ength. Howevgr, ex.penme.nts on the impurity mduc'ed sup-
fression of T, in anisotropic superconductors are, in fact,

superconductor there is a minimum at the curve o : L . .
AC/C,(T,) versusT,. The location of this minimum depends rathF:r well described within the mean-field Abrlko§ov-
Gor’kov approack (see, e.g., Ref. 13So, the spatial varia-

on a specific weight of an isotropgewave component in the o
tion of the order parameter may appear to have a little influ-

(d+s)-waveA(p), i.e., on a specific value @i\ (p))rs It was he phvsical ch iotics. includisG. in th
suggested in Ref. 6 that this effect may be used as a test f&1ce on the physical characteristics, inc u g. in t. e
vicinity of T.. Note also that strong-coupling correctiéhs

the presence of agwave admixture in HTSCs.

The authors of Ref. 6 restricted their consideration to thd©SUlt just in renormalization of the scattering réieapd
case of nonmagnetic disordéice., potential scattering of overall increase in the magnitude &€, without qualitative

charge carriepsonly. Note, however, that a lot of experi- changes in the dependence &€ versusT.'*!7As for the
ments give evidence for the presence of spin-flip scattererdse of the weak scatterin@orn) limit, it seems to be justi-
(along with potential ongsin nonstoichiometric HTSCs, fied by a very close similarity oAC versusT, curves calcu-
e.g., in oxygen-deficient, doped or irradiated samgiese, lated in the Born and unitary limits for the case of purely
e.g., the references in Ref).7The spin-flip scattering of nonmagnetic disorder ind-wave and (d+s)-wave
charge carriers by magnetic impuritiggven though they superconductors!®18We seti=kg=1 throughout the paper.
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II. FORMALISM

Vo' = mN(OK(N)esT 2, f(w,4), (6)
The specific heat jump is defined A€=Cy(T.) - Cx(T,), @
where the subscripsandn refer to the superconducting and
normal state, respectivel@,(T,)=(272/3)N(0)T,, andN(0) A(p) = A(p) + }(i _ 1) A,(p) )
is the density of electron states per spin at the Fermi level. ¢ 2\ 7, 75/ \Nw' 2+ AP/ s
The value ofAC can be expressed in terms of the thermody-
namic potentiak) as - 1( 1, 1) ,< 1 > ©
o=t |+ |0\ T——7=s ,
AC=-T {—az(”s-“_n)} (1) 7/ \ NP+ [AP)/ ks
. .
JT? =T, where
Eo:c tr11e value of the differenc€¢-(), one has(see, e.g., ) = 1 d(NA,(p) ©
o 12 T P)eA \ Vo 2+ A PP/ s
A% d(Voh .
Q- Q= =20 A24A? (2)  the angular bracketS--)gs stand for a FS average,
dA ’
0

B dQ, dQ,

whereV, is the pairing energy that determines the magnitude <"'>Fs‘f (- ')|(9 &p)ap| 0 &p)lap|’ (10
of the phenomenological factorizable pairing potential of the Fs Fs
form V(p,p’)=-Voe(n)é(n’), A is the amplitude of the su- and we have introduced the electron relaxation timgand
perconducting order parameté(p)=A¢(n), n=p/p is a 7 for potential and spin-flip scattering, respectively,
unit vector along the momentum, and the functiggn) 1
specifies the symmetry and anisotropy &fp) in the mo- = = 27(Clun? + cUEPPN(0),  — = 271G, JuZI2N(0).
mentum spacée.g., ¢(n) = const for isotropics-wave pair- Tp Ts
ing; ¢(n)=cog2¢) for a specific case ofl-wave pairing,
where ¢ is an angle between the vectorand thex-axis;
¢(n)=r+cog2¢) for a specific case of mixetd+s)-wave
pairing, the constant being the measure of the partial
weight of sswave component i\(p)].

To find the dependence " on A, we make use of the  \aking use of a standard procedure, one can transform
set of mean-field self-consistent equations for a supercorgq. (6) into
ductor containing both nonmagnetic and magnetic impurities

(11

IIl. RESULTS

T 1
(see Ref. . In(—) =TS <f(w,A) - —), (12)
Aw(k) TCO ® |(1)|
Alp)= _T§ % V(p,k)w,2+ (k) +]A,K)[> ) whereTy is the value ofT, in the absence of impurities. At
A=0, one obtains from Eq$7)—<9) and(12) an expression
_ for T, as a function of potential and spin-flip scattering rates,
A(p) = A(P) + (Coltn/? + Crfuif? pp=1/4m7,T; and ps=1/2m1T,, respectivelysee Ref. ¥
A, (k) 2
- cuP > 2 . 4 T (¢p(n)) 1 1
m| m| ” w12+§2(k)+|Aw(k)|2 In T—c: :Wn);zss ) §+ps - E
2
o = - (G2 + Gl U2 R (1 _%)[xp(l +p) _qf(l)],
., (¢"(N))es 2 2
Lo+ 6 (5) (13

+c uex2 ,
)2 7 + AP
where p=p,+ps/2 is the total scattering rate anHl is the
digamma function.

Expandingf(w,A) in powers ofA? up to A and differ-

whereT is the temperatureé(p) is the quasiparticle energy
measured from the chemical potentia=#T(2n+1) are
Matsubara frequencies;,, andc,, are the concentrations of entiating Eq.(6) with respect taA2, one has from Eqg(2) in
nonmagnetic and magnetic impurities, respectivalyis the  the vicinity of T,

matrix element for potential electron scattering by an iso-

lated nonmagnetic impurity?®' and utX are the matrix ele-
ments for, respectively, potential and exchargpin-flip)
scattering by an isolated magnetic impurity.

Restricting all electron momenta in E@8)—(5) to the FS,
replacingX, by N(0) fd&(k) [edQy/|0é(k)/ k|, and inte-
grating overé(k), one has

df(w,A))
A=0

0= 0= TNO(FM)eA N ( e

(14)

Next, taking Eq(13) into account, one has from E¢L2) an
expression fo%(T) in the vicinity of T,
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(Frs= ol es~ AR 3+ ) - trierd( 3+ )

df(w,A))
dA? /o

A%(T) = (TI - 1) (15

(B (N)esTe (

w

Here and below/"(2) are the polygamma functiorihe nth derivatives of the digamma function(z)] defined asy™(2)
_( 1)n+1n|2 (k+Z) (n+1)

Substituting Eq(15) into Eq.(14), we obtain from Eq(1) the expression for the specific heat jud@ normalized by the
specific heat in the normal state,

1 1 2
[<¢2(n)>ps- pl(*(N))es— <</)(n)>§s]‘1’(”(§ + p) - ps<¢(n)>§s‘lf(1)<§ + psﬂ
df(w,A))
A=0

AC
Cnl(To)

=-12 (16)

(277Tc)3<¢2(n)>F52w ( dA2

Finally, after simple but rather cumbersome calculations, we find from &ys(9) an expression for the denominator in
Eq. (16),

df(w, A))
A=0

(27T B (n)es ( Az

w

—E‘I’G( +p>[<¢2(n)>Fs (p(n))2g2+ 2 3)<_+Ps)<¢(n)>4 += ‘l’<2)( +ps><</>(n)>4 += ‘I’(2<‘+P)[<¢4(n)>|:s

= KB (e dN))es+ B((N))el B(N))Es ~ H b))l ) ‘1’(1)< + p) [4%(N))es(b(N))es

= 1Y ¢*()es(dN)Es+ Hb(N)is] - p_5 (1 + ps><¢(n Y24 (2 (N))es— (p(N))Zg] * S)Z[q,u)(% + p>

S

+ ‘I’(l)<} + ps):|<¢(n)>|235{<¢2(n)>FS_ (p(n)isl - %[‘I’<1 + P) - ‘I’<1 + ps):|[<¢3(n)>FS<¢(n)>FS
2 (p=ps 2 2

- AP D) AP - 20— pjg[\lf(lw)—W<%+ps)]<¢<n>>§s[<¢2<n>>ps—<¢<n>>§5]. an

the value of the specific heat jump for a superconductor that AC

Equations(16) and (17), together with Eq(13) for T, give 1 2
1-pPD=+)p
is characterized by an arbitrary anisotropyXifp) [i.e., by C =-12 ,
B el

an arbitrary angular functiog(n)] and contains, in general, n(To) 1<¢4(n)>FS 2

both potential and spin-flip scatterers. In particular cases of 2(¢?(n))Es

(i) spin-flip scattering in an isotropi&wave superconductor (19)
with ¢(n)=const and(ii) potential scattering in a highly

anisotropic (e.g., d-wave) superconductor with(¢(n))rs  respectively? In the case of a superconductor that has an
=0, Egs. (16) and (17) reduce to the well-known arbitrary anisotropy oA(p) but contains nonmagnetic impu-

expressiorfg!8-21 rities only, Eqs(16) and(17) reduce to the results of Hara
et al®?2|n the absence of any impuriti€3.=T,y), one has
1 2 20 \\2
y [1 L pﬂ sC_ 12 Sk 0
=-12 (18 Ci(Teo)  74(3) (" (N))es
Ca(To) 1@2)(2 N ps> . P_Sq,<3>(1 N ps> _ _ _ _
2 2 6 2 where {(3) = 1.202 is the Riemann zeta function. Equation

(20) has been widely used to analyze the effect of anisotropy
of A(p) on the specific heat jump in clean superconductors
and (see, e.g., Ref. 33For a clean isotropi€s(n) =consi su-
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perconductor we arrive at a familiar BCS result, 15 T T T T T
ACIC(Te)=12/7£(3) ~ 1.426.

IV. DISCUSSION

In what follows, we shall model the dependence of
A(p)=A¢(n) by the angular functiorb(n)=r+cog2¢). The
value of r=0 corresponds ta-wave pairing, whiler — o
(Ar—cons} in an isotropic sswave superconductor. The
smaller is the value af, the higher is the anisotropy af(p).
The moments¢(n))s, ($%(N))ks (A3 (N))ks, and (d*(n))es 05 .
that enter Eqs(13), (16), and(17) are equal ta, r+1/2, - 1
r3+3r/2, andr®+3r2+3/8, respectively. X |

Note that the value of the specific heat jump in a clean | _
superconductor is a nonmonotonous functiom.dt follows

ACIC,(Ty)

from Eq.(20) that the normalized specific heat jump initially I | I I I

decreases with from AC/C(T)~0.951 atr=0 down to 000 | ) 3 4 5 P
AC/C,(T,)=~0.666 atr=y3/8~0.612 and next increases r

again up toAC/Cy(T)=12/7((3)=1.426 atr—x, see - ) )

Fig. 1. FIG. 1. Specific heat jumpAC normalized by the normal state

: specific healC(To) versus the coefficient that specifies the an-
Now let us analyze the behavior 8iC/Cy(T,) versusT, isotropy of the superconducting order paramet&(p)=A[r

upon addition of magnetic and/or nonmagnetic impurities t0+cos{2¢)], for a clean superconductor without any impurities.

the initially clean sample. w_ith th(.a.critical temperatu‘r‘gb. _ Dashed line shows the value AC/C,(To)=12/74(3) ~ 1.426 in
We note that nonmagnetic impurities result in the potentlaEn isotropics-wave superconductor.

scattering only, while magnetic impurities generally result in

both spin-flip and potential scattering. In this respect, the A. Nonmagnetic disorder

combined effect of nonmagnetic and magnetic impurities has First, we consider the case that there are no magnetic
much in common with the effect of magnetic impurities only, impurities in the sample, i.eps=0 and, hencep=p, (see

the difference being in the ratio of potential to spin-flip scat-also Ref. 6. At low concentration of nonmagnetic impurities,
tering rates as a function of impurity concentrations. i.e., at(Teo—T)/Teo<<1, one has from Eqg16) and(17),

AC _ 12 <¢2<n>>§s{1_2Tco—Tc<l+ s _<¢2(n>>ps_4<¢3<n>>Fs<¢><n>>Fs—3<¢4<n>>Fs—<¢2(n)>Es>] 1)
ColTo) 743)(* (N))es Teo 42((3) (' (n)es (¢ (M)es— (B(N)Zs ’

where we took into account thap=(2/72)(1-T./T) =12/7¢(3) as T.—0. The position of the minimum at the
><(¢2(n))FS/[(¢2(n)>FS—<¢(n)>§5] at (T-To)/Tep<1, see curve of AC/C(T,) versusT./T., depends om, the value of
Eq. (13) and Ref. 7. Note that the term in round brackets in(T./T¢)" being reduced from 1 to 0 asdecreases from,
Eg.(21) changes sign from positive to negativeraacreases down to zerd

up torg=1.75. Analysis of Eqs(16), (17), and(21) shows In a d-wave superconductor without an admixture of
that in weakly anisotropic superconductors withrr, the  s-wave, i.e., atr=0, the normalized specific heat jump de-
normalized specific heat jump increases monotonously up toreases monotonously down to zeroTasT, is suppressed
AC/C\(T.)=12/7¢(3) as T, is suppressed by nonmagnetic from 1 to 0. For an arbitrary functioth(n) obeying the con-
impurities, in a close agreement with the behavior ofdition (¢(n))es=0 we have afl./T<1

AC/C(T.) in two-gap superconductors whose thermody-

namics is, to some respect, similar to that of anisotropic su- AC 8(3(n))2 T.\2
perconductors, see Ref. e that in an isotopic supercon- = ==,

duct Ref. pdote that in an isotopi . o 272< C) (22
ductor,r — o, the nonmagnetic disorder has no effect on both Cia(To) 3" (N)es— 2P (N)es” \Too

T. and AC/Cy(T,), see Refs. 12 and 25 Contrary, at _
0<r<ro, the normalized specific heat jump initially de- where y=e“~1.781 andC is the Euler constant. Note that

creases with decreasiriy, passes through a minimum at {¢*(N)rs>(¢?(n))Zs for any ¢(n), so the denominator in
T/ To=(T/T)", and then increases up tAC/C.(T,) Eq. (22) is always positive. For our choice aob(n)=r
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FIG. 2. Specific heat jumpC normalized by the normal state FIG. 3. Same as in Fig. 2 for a superconductor disordered by
specific heatC,(T,) versus the normalized critical temperature spin-flip scatterers only.
T./ T for a superconductor disordered by nonmagnetic impurities.

The superconducting order parameter i_s assumed to have the foralwave ands-wave symmetries ar@) the different values of
A(p)=Alr+cod2¢)], wherer=0 (closed circles; 0.2(squares 0.6 \c/c (T,) at T,=T,, and(ii) the different values of the co-
(triangley; 1(open circleg 2 (pluses. Sol[d Ilnes.are guides for the efficient f{¢(n)] in the dependence\C/C,(T.)=f[¢(n)]
3’26n2‘;15hed linecorresponds 1o an isotropisave (r— o, Ar X (T Te)? at T,/ To<<1. For ad-wave superconductor, the
' value of f[¢(n)] coincides with that in the case of nonmag-
netic disorder, see Eq22), while =842 for an isotropic

— 2 —
+cod2¢) one hasAC/Cy(To)=(16/5(Te/Te)* at r=0 s-wave superconductor, in agreement with Ref. 12.

and T <Tg.

The effect of nonmagnetic impurities on the specific heat
jump in superconductors with different anisotropy of the or-
der parameter is illustrated in Flg 2. The difference in the 1. Constant concentration of spin-flip scatterers
behavior ofAC/C,(T,) at T.— 0 in superconductors with
=0 andr # 0 stems from the fact that, whil&. of a d-wave
superconductor vanishes at a finite value gf=1/4y
~0.140(i.e., at a finite concentration of nonmagnetic impu-
rities), the value ofT. in a superconductor with the nonzero
Fermi surface average df(p) asymptotically goes to zero as
pp increases aps=0, see Refs. 7 and 26.

C. Combined nonmagnetic and magnetic disorder

Now we turn to a general case that there are both non-
magnetic and magnetic impurities in a superconductor. To
begin with, we consider a situation when purely nonmagnetic
impurities are added to a superconductor that already con-
tains a small quantity of magnetic impurities and, as a con-
sequence, initially has the critical temperatilifg lower than
the value ofT, in the absence of any impurities. The higher
is the concentration of magnetic impurities, the greater is

B. Pure spin-flip disorder the value ofsT.y/ Teo, WheresT =T~ TL,. We assume that

Although pure spin-flip scattering never happens in reathe value ofc,, remains unchanged upon increase in the con-
materials since magnetic impurities give rise to not onlycentration of nonmagnetic impurities and corresponding de-
spin-flip scattering but to potential scattering as well, wecrease ofT, i.e., py=1/2m7To=const. Since our prime
nevertheless(partly for pedagogical purposesconsider interest here is with the caseéT./T,,<1, we plot
briefly the limiting case that a superconductor contains spinAC/C(T) versusT./ T, rather thanT/T(,.
flip scatterers only, i.ep,=0 andp=p4/2. It is straightfor- In ad-wave superconductor, i.e., at0, the dependence
ward to show that in this case there arequalitativediffer- ~ of AC/Cy(T,) on T./T, for any value of 6T,/ T, is the
ences among the curves afC/C,(T,) versusT./T, for  same as in the absence of spin-flip scattering, see Fig. 2. This
different values of. From Eqs(16) and(17) one finds that is because &ih(n))es=0 bothT, andAC are functions of the
the normalized specific heat jump decreases monotonoustptal scattering ratp=p,+ps/2 only, irrespective of the scat-
down to zero with decreasini,, no matter what the symme- terers’ type, see Eqsl3), (16), and(17). Figure 4 shows the
try and the degree of anisotropy afp) are, see Fig. 3. The curves of AC/C,(T.) versusT./Ty for different values of
physical reason is that spin-flip scatterers, contrary to poter-# 0 and 6T/ T. At low r=0.2, i.e., in a(d+s)-wave su-
tial ones, are pair breakers in bothwave andswave perconductor with a small admixture sfwave, or in a
superconductor§. Two quantitative differences between strongly anisotropis-wave superconductor, the presence of
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ACIC,(T,)

ACIC,(T,)
ACIC,(T,)

TL'/ Tc0 TL'/ TCO

FIG. 4. Specific heat jumAC normalized by the normal state specific h€atT.) versus the normalized critical temperatdig T, for
a superconductor with the order parametép) =A[r +cog2¢)]. The superconductor initially contains a small amount of spin-flip scatterers
and thus has the initial critical temperaturg < Tg. It is further disordered by nonmagnetic impurities only, so that the concentration of
potential scatterers exceeds that of spin-flip scatte@r$s=0.2. 5T.o/ Teo=(Tco—Teg)/ Teo=0 (solid line), 0.001(plusesy, 0.003(trianglesy,
0.01(squarey and 0.03(circles. These values 06T,/ T correspond to the values of the spin-flip pair breaking pate1/277To=0,
0.00038, 0.00113, 0.00376, and 0.01127, respectively. Note thatBf > 0.2 the curves oAC/C(T,) versusT./ T for different pg (i.€.,
for different 5T,) almost coincide(b) r=0.6. 6T,/ T,o=0 (solid line), 0.01(plusesy, 0.03(triangley, 0.1(squarey and 0.3(circles. [px=0,
0.00285, 0.00854, 0.02823, and 0.08232, respectiMeyr =1. 6T,/ T,o=0 (solid line), 0.03(pluses, 0.1 (triangley, 0.2 (squarey and 0.3
(circles. [px=0, 0.00727, 0.02400, 0.04728, and 0.06975 respectiv@yr=2. 6T,/ To=0 (solid line), 0.03(pluses, 0.1 (triangley, 0.3
(squarey and 0.5(circles. [po=0, 0.00641, 0.02114, 0.06116, and 0.09731, respecfjvely.

finite, though very smal( 8T,/ T;o<0.0) amount of spin- in the absence of magnetic impurities, but reaches the maxi-
flip scatterers in the sample results in a drastic change in thewum and then decreases again down to zerd.asO0, see
dependence akC/C,(T,) on T,/ T. After passing through a Fig. 4. It is straightforward to show from Eg4.3), (16), and
minimum, AC/C,(T,) does not increase up to 12/(B), as (17) that
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AC 1 ( T, )2 774{ . <¢(n)>§s}2< T, >2 ones, seeI Eq(11), the \(/jaluehofa is less tr;]an unity evenbat
=-2\T | T35, 2 ¢c,=0. Below we consider the case<1 that seems to be
Cn(To) 25\ T/ 32 (¢"(N)es] \ T relevant to the experimental situation.
(23) It follows from Egs.(13), (16), and(17) that in ad-wave
superconductor witlr=0 the curves ofAC/C,(T,) versus
atT.< 6T As the concentration of spin-flip scatter¢asid,  T./T, are the same for any value afin the whole range of
hence, the value 0BT/ T.) increases, the maximum of «, see Figs. 2 and 3. Contrary,ra 0 the specific heat jump
AC/C,(T,) decreases in height and gradually disappearsappears to be extremely sensitive to spin-flip scattering of
Starting with T/ To=0.02 there are neither minimum nor charge carriers. Figure (& shows the dependencies of
maximum of AC/C(T,) versusT./Ty curve. We note that AC/C,(T,) on T./T in a strongly anisotropic nod-wave
for Teo=~ 100 K such values 08T,/ T correspond to com- superconductor with=0.2 for different values ofr. One can
monly observed smafleveral Kelving variations ofT,y be-  see that increase ia results in a gradual disappearance of
tween the samples obtained under slightly different condithe minimum(and maximumof AC/C,(T,). In the presence
tions that can reflect the different amount of magneticof even a minor spin-flip component in the scattering poten-
impurities in the samples. tial, «=0.02, the normalized specific heat jump decreases
As r increases, i.e., as the anisotropy &fp) becomes monotonously as, decreases fronTy, down to zero, and
weaker, the tendency in the change of the specific heat jumihe curve of AC/C,(T,) versusT./T., looks like that in a
upon increase in the initial concentration of magnetic impu-d-wave superconductor. As the gap anisotropy weakiefis
rities is qualitatively conserved, see Fig. 4. Quantitatively, arthe value ofr increasep the “critical” value of o above
increase irr results in the increase in the value &f /Ty,  which the normalized specific heat jump starts to decrease
above whichAC/C,(T,) becomes a featureless monotonousmonotonously under disordering first increases up=th05
function of T./T¢. In particular, both the minimum and the atr=1 and next decreases again, see Fig. 5.
maximum of AC/C(T,) versusT./Ty curve disappear at
6T/ Teo=0.1, 0.25, and 0.4 for=0.6, 1, and 2, respec-
tively. So, the sensitivity of the specific heat jump to mag-
netic impurities is higher in strongly anisotropic supercon- Numerous experiments on various superconductors, in-
ductors with small but nonzero values rof cluding borocarbides Y,RNi,B,C (R=Gd, Dy, Ho, Ej,'’
organic compoundTMTSF),CIO,,%” U;_,Th,Be;,® HTSCs
2. Constant ratio of spin-flip to potential scattering rates YBay(Cu;4M,)307_s [M=Zn (Refs. 29-32, Fe (Ref. 30,
Ni (Ref. 31), Cr(Ref. 32] and La gsSry 15CU1-,Zny0,,*3 etc.
have revealed that the value AiC/C,(T.) decreases mo-
otonously adl; is suppressed by impurities. To the best of
ur knowledge, there were no experimental indications for
the nonmonotonous behavior &€/ C,(T,) in disordered su-
i oxi2 perconductors. Note, however, that the chemical substitution
Ts _ U __Ppd2 results not only in the suppression ©f and decrease of
1y 7;1 - (CrlCrr) |Unf? + [UPCY2 + U242 - pp+p5/2‘ AC/C,(T,) but also in a very strong broadening of the su-
(24) perconducting transition. As a consequence, the specific heat
anomaly is rapidly smeared out by the disorder, so that the
dependence afC/C,(T,) on T,/ T, can be determined more
or less reliably, in the best case, B/ T,>0.3+0.4 only.

D. Implications for the experiment

Let us now consider the case that the relative contributio
from spin-flip scattering to the total scattering ragesp,
+ps/2, remains constant upon disordering, i.e., the value o
the dimensionless coefficient

Tp

see Eq.(11), does not change upon addition of magnetic

(and, in general, npnmagnt—:)timpurities._ This hqlds, f“TSt' if Meanwhile, it follows from the results presented above that
a superconductor is doped by magnetic impurities qnéy, the value of T./Ty below which AC/C,(T,) starts to in-

_cn:O)_and, second,_ if the ratio of nonmagnetic to magnet|cCrease under disordering depends on the degremf an-
impurity concentrationsg,/c,, remains unchanged, see Eg.

(24). The latter is a reasonable approximation for doping bygl?ggfg and is very small in strongly anisotropic supercon-

given chemical elements or irradiation by a given type of Recently Zhao has fittedl(p) to single-particle tunneling

particles, at least at relatively logbut sufficient to destroy o 2
o : P and angle-resolved photoemission spectra of XBg0,_s.
the superconductivijydoping levels or radiation doses. To compare his fit with our model form d(p), it is conve-

Thus for a given degree ai(p) anisotropy(i.e., in our ) ) -
model, for a given value af), the dependence d&fC/C,(T,) hient to introduce the coefﬂmer)gz1—<A(p)>,2:5/<A2(p)>FS
' ’ endent®S @ measure of the degree of in-plane anisotrops(pf,

on T./Ty is governed by the value of material-dependen :
and disorder-dependent coefficientThe greater is the rela- Where( --rs means the Fermi surface average. The range

tive contribution from exchange scattering by magnetic im-0=x =1 covers the cases of isotropsevave [A(p)=const,
purities to the total scattering rate, the higher is the value ot =0, d-wave[(A(p))rs=0, x=1], and mixedd+s)-wave or
a. In general,a ranges from 0 in the absence of exchangeanisotropics-wave (0< y<1) symmetries ofA(p). Making
scattering to 1 in the absence of potential scattering. Noteyse of the results presented in Ref. 2, one kas0.9 for
however, that since there always exist two channels of carrie¥Ba,Cu;0;_5.  Since x=1/(1+2? for A(p)=A[r

scattering by magnetic impuritie@otential and spin-flip +cog2¢)], this value ofy corresponds t@ =0.2. We note
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FIG. 5. Same as in Fig. 4 for a superconductor with a constantaaticspin-flip to potential scattering ratgs) r =0.2. «=0 (solid line),
0.001 (plusey, 0.003(triangleg, 0.01 (squarey and 0.03(circles. Note that afT./T,>0.2 the curves ofAC/C(T,) versusT./T, for
differenta almost coincide(b) r=0.6. =0 (solid line), 0.003(pluses, 0.01(triangley, 0.03(squarel and 0.1(circles. (c) r=1. =0 (solid
line), 0.003 (plusey, 0.01 (triangley, 0.03 (squarey and 0.1(circles. (d) r=2. «=0 (solid line), 0.001 (plusey, 0.01 (triangley, 0.03

(squarey and 0.1(circles.

that the choice of y=0.9 allows for a quantitative disordered very uniformly so that the transition widif,
explanatiod* of the quasilinear decrease ®f in electron-
irradiated YBaCu;O,_s single crystals® As follows from

Figs. 4 and 5, at=0.2, the upturn oAC/C,(T,) takes place

centration of spin-flip scatterers.

So, the necessary condition for theC/C,(T,) upturn at

low T./Tg is, except for the nonpurd-wave symmetry of

remained lower thafi, down to as low as possiblE, values,

in order to preserve a clear specific heat anomally, @nd to
make possible the experimental determination of the
at T./T=0.1, either in the absence or at a very low con-AC/C(T,) versusT./T curve in a wide region off ./ T,
values. In this respect, the irradiation-induced disorder has
advantages over the chemical substitution. For example, in a
recent papet® Rullier-Albengueet al. reported the results of
A(p), a relatively small contribution of spin-flip scattering to experimental studies of, degradation under electron irra-
the total scattering rate. Besides, a superconductor should logation of underdoped and optimally doped Y,BapO,_s
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single crystals. The authors of Ref. 35 succeeded in creatioassumptions maglea universal function of T,/ Ty, i.e., it

of an extremely uniform distribution of radiation defects does not depend on the relative contribution of spin-flip scat-
over the sample, so that the value &T, never exceeded tering to the total scattering rate and, hence, on a specific
5 K. Moreover, the value oAT, did not increase monoto- type of defects and impurities. On the other hand, under non-
nously with radiation dose but had a maximumTat T, magnetic disordering of a superconductor with a nonzero
~0.3 and next decreased down4d.<1 K at the highest Fermi surface average of the order paramefe/Cy(Tc)
dose for which the resistive superconducting transition stilinitially decreases with decreasifig, passes through a mini-
the experimental daf®, at y=0.9, the value of @ AC/C,(T,) versusT./T,, moves to higher values of./ T
=0.01+0.01 is low enough for the upturn AC/C,(T,) be @S the anisotropy of the order parameter becomes weaker.
observable af./T,~0.1, see Fig. 5. Hence, it is of great In disordered strongly anisotropic nahwave supercon-

interest to study the behavior d&fC versusT,/T, in such ductors,AC/Cy(T,) is extremely sensitive to spin-flip scat-
samples. tering of charge carriers. At relatively weak spin-flip scatter-

Finally, we note that the experimentally observed nonuni—ing’ AC/Cy(To) becomes a featureless monotonous function

. of T./Te. So, the spin-flip scattering of charge carriers re-
versality of AC/Cy(Tc) versusTc/Tg curve that has been moves the qualitative difference between the dependencies

previously ascribed to the carrier c_oncentration_eff@_anay of AC/C,(T.) versusT./T,, in disorderedd-wave and(d
in fact be (at least partly due to different contributions of +s)-wave(or anisotropicswave) superconductors. Hence, it

spin?flip scatt(_aring to pair bre_aking in different SUPETeon-y 414 pe very difficult to discriminate between putavave
ducting materials and/or for different doping elements. We, nonpured-wave A(p) if the concentration of spin-flip
note also that it would be very interesting to study experi-

; : scatterers in the sample is higher than a certain critical value.
mentally the behavior oAC/C,(T,) versusT./ T, in noncu- So, to observe the nonmonotonous dependence of

prate superconductors with different degree of the superconyc/c (T,) on T./T,, in anisotropic superconductors, one
ducting gap anisotropy and various ratios of spin-flip toghould(i) make use of uniformly disordered samples with a
potential scattering rates. clearly pronounced specific heat anomalyratiown to low
T,/ T values and(ii) minimize the concentration of the
V. CONCLUSIONS spin-flip scatterers in the sample.
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