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We examine possible pairing mechanisms of superconductivity in PuCo&=d on spin-fluctuations or
phonons as mediating bosons. We consider experimental data of specif@@heand resistivityp(T) as input
to determine a consistent scattering boson with the superconducting transition temperature of 18.5 K in
PuCoGa. Irrespective to the type of boson, the characteristic boson frequency is found-tb3feK from the
resistivity fitting. The spin fluctuation model is most consistent with the experimental resistivity, successfully
explaining the anomalous temperature depend¢re@?/150 K+T)] at low temperatures as well as the
saturation behavior at high temperatures. Assuming that the pairing state issawawe, the large residual
resistivity pimp~ 20 £l cm~ 120 K suggests that an ideally pure sample of PuGa@aild have a maximum

T, of 39 K.
DOI: 10.1103/PhysRevB.70.104512 PACS nuni®er74.20.-z, 74.20.Mn, 71.2Fa
[. INTRODUCTION might be much smaller than the local moment contribution or

more probably their temperature dependence is not pro-
nounced. If this is the case, the Curie-lik€T) should con-
tinue to exist below the transition temperature and should be
observable if the diamagnetic part §T) is subtracted or

Recently, superconductivitygSC) was found in PuCoGa
at the amazingly high transition temperat(fe) of 18.5 K1
Considering the fact that the high€egt of f-electron based
compound$was~2 K, theT, of 18.5 K is an order of mag-
nitude larger value than the previous high€sin f-electron sua\pressed b_gllowc._ . hani d pairi
based superconducting compounds. Therefore, the under- S a possible pairing mechanism and pairing symmetry,
standing of the origin of this 18.5 K transition temperature in e do not have much decisive data except estimates

PuCoGag should not only provide important information on cr:cezi;?:(/j er;(iarrigr]]y Ss(iaaekrenss. ngtuﬁieﬂgoﬁzg}/eengﬁnilphgggé}
the puzzling behavior of-electrons but also shed light on P 9 y y

the origin of the high transition temperature in cuprate superpOSSIbIe V\ﬂth values 0Bp=240 K, dimensionless coupling
conductors. constanta=0.5-1.0, and a typical value for the Coulomb

Let us briefly review the experimental data known aboutEseUdOpOtem'ah =0.1. The AIIeD—DynesTc formulaﬁ Tc
PuCoGa. First, from the specific heat jump &t, the Som- _(f’Ph/1'2@exd__1'04(1+)‘)_/0‘_'“ (1+O_'62‘))] prov_|des
merfeld coefficient iSy,orma~ 77 MJ/K mol. Second, from Tc=16.7 K forA=1 andT,=2.9 K for.)\—0.5, respectwely. .
the T3 phonon contribution irC(T), the typical value of the On the ot_her hand, alth_ough there is not yet d|.re.ct Eexpert-
phonon frequency scalé@p) is estimated to be 240 K. mental evidence, the existence of Rorbitals participating

. ) . - .
Third, the resistivity p(T) shows a typical S-shape in Fermi level crossing batis)’ and the isostructure CeMin

L . M=Co,Rh,In compounds let us suspect the important role
behavior in its temperature dependence, which is often o ( © ) PO P PO

served in spin fluctuating heavy fermion compoundsOf spin-fluctuations to explain the normal state transport
such as URt® Another important piece of information from properties as well as the pairing mechanism in PuGoGa

o . In this paper, we examine two possible bosonic scattering
p(T) is its magnitude; the valup(T=300 K) ~ 250 u{) cm . :
itself indicates strong scattering of the conduction electron mechanisms, namely, phonons and antiferromagafed)

. §pin—f|uctuation§, to consistently understand the available
(?An_%rdelr %fhmagmtude c;argger tr;]an.the Va"}fei ZOLZ%?\mn experimental data mentioned above. Our strategy is the fol-
(M=Co,Ir, ) superconductors naving .BC 0 2 lowing. Assuming each bosonic scattering, we try to fit the
Fourth, puzzling is the data of th_e unlf_orm susceptibility dc-resistivity datap(T) for its temperature dependence as
x(T); it shows an almost exact Curie-Weiss temperature d

. N Svell as its magnitude. From this fitting procedure, we extract
pendence ofy(T)~1/(T+T,) with T,=2K. This indicates the magnitude of the dimensionless coupling constaand

that there are almost free local moments in the temperaturg,e typical energy scale of the corresponding boson. From

range of 18.5 to 300 K with an effective local moment mag-inese two numbers, we then can estimteising McMill-
nitude (0.68 ug) close to the value of the local moment of an's formula.

free Pd* (0.84 ug).°> We believe that these local moments

responsible for the observedT) are not coupledor negli-

gibly weakly coupleg to the conduction electrons and play Il. FORMALISM

no significant role in the transport properties as well as in the

superconducting pairing. This does not mean that there are We calculate the conductivity using the Kubo formula as
no interesting spin fluctuations — their contributiony¢r)  follows:
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1 } @ expression is very useful for our purposes. The renormalized
, (1

cost] w/2T] quantitiesN(O) andv can be obtained from experiments.

) ) Furthermore, although E@5) has an explicit dependence on

whereA(k, w) =2 ImGg(k, ») is the one particle spectral den- Z, the implicit dependence of I®(T, ») on Z makes Eq(5)

sity of a quasiparticle in the conduction band and the re@ slowly varying function ofZ. The reason is because the

tarded Green’s function of the quasiparticle is defined ageal and imaginary parts ok(T,w) are related by the

GR(E,w):1/[w—ep—2(|2,w)]. All scattering information is Kramer-Kronig relation, so thatRe X(T, )/ dw=Z(T) -1
resulting in Im3(T, w) ~[Z(T)-1].

a(T)=%e22k v3(K) f f—;AZ(E,w)[

included in the self-energ§2(|2,w). Within the Born approxi-
mation, the self-energy is calculated as

/ B( ,wr) 1 Ill. RESULTS
a o)

” — N2
2(kwy) =9 ngq do A. Spin fluctuations
n

iQn— 0 i0,+iQn— €uq
whereB(q, w) is the spectral density of a bosonic propagator W€ choose t.he mean field type spin relaxatiorlal [noczje for
D(q,i0)=fde’ /2{B(q,0)/(iQ-w")] and g is the AFM fluctuations - of B(q, ) =Ca/{[I(T) +b(G-Q)?]
electron-boson coupling constant. After a Matsubara fre+[@/I'%}, wherel is the magnetic Fermi energy(T)=Io
quency(€),) summation, the imaginary part éTR(IZ,an) +aT is the parameter controlling the distance from a mag-

is written as netic quantum critical point, an@ is a typical wave vector
) of the magnetic ordering. - 1(T)=w{(T) defines the charac-

IMS (T, @ +i7) = g2N(0) f do’ x> 7B(q,e') terist_ic energy scale pf the fluctuatiortsdescribes thg dis-

2 q persion of the collective mode &(q, w). The magnetic or-
X[N(w') + f(w+ o')], 3) dering vectorQ can be in two dimensions or in three

wheren(w) andf(w) are the Boson and Fermion distribution dimensions depending on the nature of the incipient mag-
functions, respectivelN(0) is the density of states per spin Netic order. This dimensionality of magnetic ordering would
at the Fermi level. Plugging the self-energy, E2), into Eq. affect the power law of the resistivity at low temperatures.

(1) and summing®, , Eq. (1) gives We assume two dimensions in our ca_lculations, reflecti_ng the
band calculation$.The overall magnitudeC of B(q,w) is
he? 5 dw 1 1 combined withg?N(0) in Eq. (3) to determine the overall
o(T) = ?N(OXU >F5f 4T | cosR[w/2T] | Im 3x(T,0)° magnitude ofS(T,w). This overall magnitude is determined

4) once(Z(T)-1) is fixed. Therefore, we do not need to deter-
mine separate values gf, N(0), andC. Most importantly/,

A few remarks are in order for the above equations. Firstdetermines the low temperatui@ region of the resistivity
the vertex correction is ignored. The justification is that wherbefore the inflection point,a~4/3 was extracted from
the scattering is local in space—technically meaning that thexperiments for T.<T<50 K, but a dimensional counting
self-energy is momentum independent—the current vertex ifor the spin fluctuations model in two dimensions gives
not renormalized. This is consistent with the local approxi-p(T) ~T?/(l,+aT) at low temperatures. The temperature
mation in calculating Eq(2) and(3); consistent with this, we variation ofaT in I(T) also controls the high temperature
also neglect the momentum dependence of the cougling saturation behavior gf(T), since increasing the value KiT)
implying every quasiparticle is equally scattered by the asfor larger temperatures reduces the scattering rate.
sumed boson. Second, the self-energy is calculated only in Figure 1 shows the typical results from E@) with Z
the Born approximation. Third, the Fermi surfa@) aniso-  values varying from 2 to 8. To be quantitative, the experi-
tropy_is neg!ected, resulzting th_e fact%)land the FS Qverf'iged mental values 0fN(0)(<_7:77 mJ/Kmol) and 7(=8.8
Fermi velocity squarev)rs. With all these approximations, 10f cm/9° are used. Given these two experimental input

we should take the temperature power law of the calculatedy)yes, there is no free parameter to adjust the overall mag-

resistivity at low temperatures with reservation. Otherwise it it ,de of the resistivity. The detailed temperature depen-
induces an error of ordeD(1) for the overall magnitude. §epce ofp(T) is controlled byl(T). T-1y=w.=150 K, a=1

Finally, N(0) and<v2>Fs_ are the values before they are renor- 5re chosen for an illustration. As seen in Fig. 1, with increas-
malized b_y the bosonic scatte_rlng and, therefo_re, are d|1°f|cuI;ng Z, the sensitivity ofp(T) to Z becomes weaker, and for
to be estimated from experiments. We rewrite E4) as )| values ofZ the calculategh(T) is smaller than the experi-
follows: mental one by a factor of 3 to@ee Fig. 2 In order to fit the
1e? do 1 1 experimentalpe,(T), we tune the value ob, which is a
o(T) = —ZN(0)<52>|:sf _{ ] . rather rough estimate from the critical magnetic fields
3 4T | cost[w/2T] | IMSK(T, w) [H(0)] in the superconducting state of PuCgQahile the
_ (5)  value of yey,)=77 mJ/Kmol is more reliable. We also chose
In the above equatiomN(0) andv are the quantities renor- to useZ=4.6 which is the ratio ofyeyy/ ypana’ The result is
malized by the bosonic scattering aids the wave function shown in Fig. 2 in comparison with the experimenigl{T).
renormalization parametéf=1+/Re 3 (w)/dw. The above Input parameters arex;=150 K, a=1, y=77 mJ/K mol,
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FIG. 1. Theoretical calculations of resistivityT) for varyingZ FIG. 3. Theoretical calculations of resistivipyT) with Einstein
values (Z=2,4,6,8. Input parameters areg=150 K, a=1, y = phonon with ;=240 K for varyingZ values(Z=2,4,6,8. Input
=77 mJ/Kmol, andve,,;=8.8X 10° cm/s. parameters arg=77 mJ/K mol, andve,,=8.8x 10° cm/s.

and Tey=4.78<10° cm/s. The residual resistivitypim,
=150 cm is added to the theoretical resilthe better
fitting of the low temperature part only would give,
=19 u(). See the inset of Fig. R.The overall fitting is
satisfactory from low to high temperatures. In particular, the B. Phonons
\‘j’v?:# r?;g)rl ebrﬁgg;/all?l:r:t (? E'}%Z:}Zg?f%r aE:.J;?SS ilss \;vre]: Ile;epl;)ergtiléced Figure 3 shows the resistivity calculated with an Einstein
behavior since increasing temperature should shorten tl«%hlcmonkli(q,w()j?a(w—tg[,) W'th.f.gD;M(_)rK’ t\)Nh'Cq_ 15 fthe
magnetic correlation length such &(T)~ (I,+aT). Some value o alme rf(;mf € ;ptemslc Tﬁ@t. ) at ovle ¢, 1o
discrepancy between the theoretical result and the experﬁirg'nm%;/lgrﬂels on q f?_rg 8 206' m /g |r'16p\>u ir:/atﬁes ariz
mental one beyond 250 KFig. 2) would be due to the fail- . 0l and v{=o.0x 107 CM/S. AS € spin-
ure of the simple relatiog%(T) ~ (I,+aT) at such high tem- fly.ct.uatlons case€Fig. 1), with increasingZ values the sen- '
peratures. To obtain better fitting in the low temperatureSItIVIty of p(T) tq Z becomes weaker, and the overall magni-
region, one needs to allow a modification of the high tem-tude Ofpineod T) is smaller tharpe,(T) by the_ factors of 2 to
perature part. The result is shown in the inset. It indeed reS (compared to the values @t=100 K). In Fig. 4, we show
produces the experimental observatiofT) ~T*® (Ref. 1)

for T,<T<50 K, while the correct theoretical form @fT)
at low temperatures is- T2/(150 K+T).

350 -
300 ——  Bp(PuCoGay) o°
- 300 ~ Theory (Z=2, T,=240K ) O,o'O
250, Exp (PuCoGa,) '0_0,0—0 —o0—  Theory (Z=2, T,=150K) ‘oﬁ'
—O—  Theory (I,=150K) -0 250 -
200 —
—_ £ 200 -
g g
2 < 150
Q
100 1004
50 50
0 d)' T T T 00 T _ T %0 1 O T T T OU T i T 5|0
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T(K) T(K)
FIG. 2. Atheoretical calculation witd=4.6 (open blue circles FIG. 4. Theoretical calculations of resistivigf(T) for Z=2
and the experimental resistivip(T) (Ref. 1) (red solid ling. Input ~ with two different Einstein phonon frequenciesy=240 K, y
parameters arewg =150 K, a=1, y=77 mJ/Kmol, and Eexp =77 mJ/Kmol, and T)exp=6.1>< 10° cm/s (open green squargs

=4.78x10° cm/s andpimp=15 uQ) cm is added. Inset: closeup 6p=150 K, andvey,=5.6X 10° cm/s (open blue circles The ex-
view of the low temperature region. For better fitting,,=5.28 perimental resistivity(T) (Ref. 1) is a red solid line. Inset: closeup
X 10° cm/s andpjmp=19 u ) cm are used view of the low temperature region.
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the tuned theoretical results pf,.o(T) in comparison with  saturation resistivity arises at high temperatures due to a can-

the experimentap.,{T). As before, in order to increase the cellation between an increasing phonon population and an

overall magnitude ofpyeo(T), We tune the renormalized increasing electron kinetic energy. Without a specific model

Fermi velocity®. and numerical calculations, this saturation behavior can be
In Fig. 4, we see that the theoretical resistivitye,(T)  described phenomenologically in a two parallel resistor

with 6 =240 K (green open squargsas a higher power law model(“shunting model} as’

region over a broader range of low temperatures relative to -1y = -1 -1

the experimental data. For overall fitting of the data, we add P (D)= Pdeall T) * Prvae ©

a large impurity resistivitypimp,=61 x Q cm, which makes Wherepigea(T)=pe-pn(T) + pimp: @aNdpe—pn(T) is calculated by

the low temperature part in clear disagreement with experiEq. (5). pmax is the maximum resistivity determined by the

ment. To fit the low temperature region better, we need-sum rule® but here determined by empirical fitting.

to reducefy. The blue open circles are the result with In Fig. 5, we show the best fit results with this model.

=150 K. This happens to be the same bosonic energy scafeor the electron-phonon resistivipy,(T), we useZ=2 and

as used in the spin-fluctuation model fitting. It means thatp=150 K as in Fig. 4 and the overall magnitude is tuned

the resistivity data reveal a characteristic energy scale of theith v, As seen, the simple shunting model cannot fit the

scattering boson to be-150 K, irrespective of the origin whole temperature region with any parameters in contrast to

of the boson. An impurity resistivityp,,=36 u{) cm is  the successful cases of A-15 compouhdEhe implication is

added. The inset shows a close-up view of the low temperaeither that the shunting model is not good enough to fit the

ture region. There is a clear deviation betwepg,(T)  fine details or that phonon scattering is simply not the correct

~exd—6p/T] and pey(T) ~ T#2 (Ref. 12. model for the resistivity of PuCoGa
The phonon model has a critical defect at high tempera-
tures with any reasonable parameters. While the experimen- C. T

tal pe,T) show a clear saturation behavior for-160 K, Before we estimatd,, we need to consider the effect of
phonon scattering results in an ever increadidmear resis- impurities in the sample. The effect of impurities g de-

tivity for temperatures beyond a fraction 6§.12 This satu- pends on the gap symmetry. For swave gap—in the case
ration behavior in resistivity is a long standing problem inof phonon pairing—F. is not reduced by nonmagnetic
A-15 compounds transition metals, and some heavy fer- jmpyritied® in the first approximation. However, for an un-
mion compounds such as WRRef. 3. While there is no  conventional nors-wave gap—in the case of spin fluctuation
general mechanism to explain this phenom&nae can  pairing—T, is reduced by any type of impurities. As noticed

make the following remark. . . ~in the previous section, the experimental resistivity has a
With the spin-fluctuation model, this saturation behavior|gge residual value Ofimp~ 20 Q2 cm, which should be a

is naturally explained by the temperature dependence of thgsrious pair breaker for noaswave pairing.

magnetic correlation lengtir2(T) ~ I(T) (see Fig. 2 On the AsSUMING pimp=20 #Q cm in the spin fluctuation
other hand, phonon scattering needs to invoke a separafodel and pluggingZ=4.6 andTey,=4.78x 10° cm/s in
mechanism to explain the saturation behavior. Recently, Cagq. (5), we obtain IMXmp=Limp=116 K. This scattering
landra and Gunnarssdhassuming lattice vibrations couple rate is far larger thanT,=18.5 K. From the theory of

with the electron hopping integréHl), have shown that the  Aprikosov-Gor’kov!® the transition temperature is reduced

350 - by ~al'i,/ 4. But the original Abrikosov-Gor’kov formula
] Shunting Model should be modified by the mass renormalization fazt@s
300 Pros= 380 pC0M limp/ (42). With Z=4.6 andAT.-T—T.~ 20 K, we esti-
° P =1150 pem .." mate the transition temperature of an ideally pure sample
250 - Exp (PuCoGa,) .® -_'__ - to be T,o=39 K. Therefore, it appears that if the gap sym-
S~ metry of PuCoGais unconventional, as in most of heavy
g 200 fermion superconductors, PuCa@da another true high tem-
] 1 perature superconductor. The important question is then
= 1% whether the parameters of the spin fluctuation model ob-
1 tained in the previous section can produce a transition tem-
1004 perature of~39 K. For a ballpark estimate, we use the
50‘ Allen-Dynes formul4 for T,
; 1) 1.041 +\
o= n:j—zgexp[— B )] ™)
0 50 100 150 200 250 300 '
T(K) assumingu” =0 for a nons-wave pairing channel.
FIG. 5. The Shunting model fits to the experimental resistivity 1 N€ important parameter is (@)
(red solid ling. The low temperature fitopen blue circlesis with  =[/o dw a?B(w)]/[ [ dw o?B(w)/ w], which defines the char-

Texp=4.9X 10° cm/s andpp,a,=850 u Q1 cm. The high temperature ~acteristic energy scale of the pairing boson. The nominal
fit (open green squarpss With Tex,=3.6X10° cm/s andpnax  Characteristic energy scale of spin fluctuations dsg;
=380 u{) cm. =150 K, but the above Allen-Dynes definition ab) would
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give several timesog; because of the 1J long tail of the resistivity data. Theoretical calculations of resistivity pro-
spin fluctuation spectrB(w). In reality, the effective cut off duce a satisfactory agreement with the experimental resistiv-
energy scale should be between these values, sag, 3.1t ity: both for the anomalous power lag~T*3) at low tem-
Without solving the strong coupling, equation with details peratures and for the saturation behavior at high temp-
of the band structure and full dynamics of the spin fluctua-eratures. The same spin fluctuations would produce uncon-
tions, we cannot tell the precise value of this. With this res-ventional superconducting pairing, such casvave symme-
ervation for (w), the Allen-Dynes formula withh\=Z-1  try. In this case, the large residual resistivitynyy,
=3.6 and(w) ~ ws=150 K indeed produce®,~ 35 K. =20 uf) cm acts as a serious pair breaker. To survive with
For the phonon case, nonmagnetic potential scatterers da:=18.5 K after this pair breaking effect, the origina
not affectT, for an swave symmetry gaB. Therefore, we should be~39 K. The Allen-DynesT, formula can support
do not need to consider impurity effects @p The Allen-  this high Ty with (0)~ wg. If this is the case, we have
Dynes formula withx=1, andx«=0.1 givesT,=10.44 and observed another unconventional high temperature supercon-
16.7 K for{w)=150 K and 240 K, respectively. However, if ductor (HTSC) after the cuprate superconductors. Perhaps
we assume that the total mass renormalizatidr4.6) is  this large impurity effect explains why UCo&a pimp
caused solely by phonon scattering, the effective coupling=20 #€ cm) is not a superconductét.Taken together, we
A ~3.6 should be used, and it would be strong enough tdhink that spin fluctuations are the most likely source of su-
produceT,>20 K with (w)=150 K. perconducting pairing as well as the normal state resistivity
in PuCoGa. This result also supports the idea that the AFM
spin fluctuation mediating SC pairing might be a unifying
paring mechanism from CeMirio high temperature cuprate
PuCoGg should have radiation-induced self damage as &uperconductors havinf, scaling with wgs.*
function of time. A preliminary measureménindicates a For the phonon model, we found that the most consistent
decrease ol at a rate of~0.2 K/month, due to a radiation phonon frequency to fit the resistivity data should be also
damage, which appears to be a quite slow suppression rate 80 K, having a discrepancy with the estimate from the spe-
a first look. Here, we estimate a theoretidal suppression cific heat measuremer{typ=240 K). However, theoretical
with radiation damage and compare it with experiments. Becalculations of the resistivity with phonon scattering have
cause there is no study of radiation damage in PuGatsa crucial defects to explain the experimental resistivity. First, it
self, we use results from Pu met@phas¢?®. Each Pu de- s impossible to producpe,fT)~T#3 with phonon scatter-
cays intoU and ana particle. Both particles collide with jng at low temperatures. Second, the saturation behavior at
nearby Pu nuclei Creating so-called Frenkel pairs COHSiStingigh temperatures needs a Separate expianation_this high
of a vacancy and a self-interstitial of Pu ions. In the case ofemperature feature in resistivity has no direct relation with
&6-Pu, the total number of Frenkel displacements from one Pthe Superconducting pairing mechanism, though_ Putting
is 0.1033 per year. Given these data, the estimated number gjde these defects and pushing the possibility of the phonon
displacements per Pu per month~<.86%. Assuming the pairing, the merit of phonon mediatesiwave pairing is
unitary limit of the impurity scattering strength, the impurity jts insensitivity to large impurity scattering observed in
scattering rate is given b¥;y,,=nin,/ 7N(0), and therefore  the sample. Using a typical strong coupling constant value
Iimp~ 2 K. Fors-wave pairing, this little potential scattering =1, it is difficult to achieveT, of 20 K. But, assuming that
should have no effect of, suppression. However, it is not phonon scattering is the main source of the large mass
certain whether the displaced Pu ions would behave as p@enormalization oz~ 4.6, the Allen-DynesT, formula with
tential scatterers or magnetic scatterers. For srave un-  (»)=150 K can easily suppoff, of ~20 K. In this case we
conventional pairingl; decreases even with potential scat-find some similarity with the phonon mediated A-15 com-
terers. With a modified Abrlkpsov-Gor’kov formuladT;  pound superconductors, such as;Sib. However, comparing
=Too~ Te=7Timp/ (42), we obtainAT;~0.3 K per month, ith the spin fluctuation model, we think that the phonon
assuming the mass renormalization facfor5, consistent model is unlikely in PuCoGa Some key questions to be
with the experiment. Therefore, we conclude thatTheleg- answered for the phonon model af®) the experimental
radation with natural radiation damage is consistent bothy(T)~T43 for T.< T<50 K (Ref. 1) is not easily reconciled
with unconventional pairing and also wigawave pairing, if  with a phonon scattering mechanis(@) the absence of su-
the diSplaced Pu ions behave as magnetiC impurities in thserconductivity in UCOG@. aiso needs an expianation if
latter case. phonons are the pairing boson.

D. Natural radiation damage
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