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Quasiparticle-quasiparticle scattering in high-T. superconductors
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The quasiparticle lifetime and the related transport relaxation times are the fundamental quantities which
must be known in order to obtain a description of the transport properties of theThighperconductors.
Studies of these quantities have been undertaken previously farwae, highT, superconductors for the
case of temperature-independent elastic impurity scattering. However, much less is known about the
temperature-dependent inelastic scattering. Here we give a detailed description of the characteristics of the
temperature-dependent quasiparticle-quasiparticle scatterghgvave superconductors, and find that this pro-
cess gives a natural explanation of the rapid variation with temperature of the electrical transport relaxation
rate.

Early measurements of the surface impedance of the higlperatures, as noted above. It is therefore of interest to inves-
temperature superconductor Y®&a50q.,, (YBCO) at GHz  tigate further different possible mechanisms of inelastic qua-
frequencieSand at THz frequencié$ound that the real part Siparticle scattering.
of the conductivity,s;(T), exhibited a strong peak as a func- ~ In many heavy fermion metals, the electrical resistivity
tion of temperature when the temperature was lowered belo(T) at very low temperatures is found to vary AgT)
the critical temperaturd,. This effect was interpreted as —PoTAT". According to Ref. 11, such @“ temperature
being due to a rapid increase in the transport scattering timgePendence is usually taken as a criterion for the identifica-
of the superconducting quasiparticles as the temperature w4 ©f Fermi-liquid behaviof? whereas Ref. 13 notes that
lowered. The rapid increase in the scattering time belQw

this T? dependence could also arise from scattering from
is confirmed by Hall-effect measurements in the qux-rowSpin fluctuations. In any case, the fact that serious cases have
regimé and by thermal Hall-effect measuremehtand is

been made that the quasiparticle lifetime in heavy fermion
now well establishedfurther and more recent evidence is metals might be limited either by quasiparticle-quasiparticle
reviewed in Refs. 5 and)6

scattering(the Fermi-liquid interpretationor by scattering
o L from spin fluctuations, suggests that both these mechanisms
Obtaining a quantitative measurement Qf the temperaturgn g ,1d pe investigated in the case of the High{d-wave
dependence of this transport relaxation time has not beegperconductors. Furthermore, angle-resolved photoemission
easy, and itis only with the measurements of Hoss&lil”  spectroscopy(ARPES studies of hight, superconductors
that information sufficiently precise to test current theoreticalhaye peen interpreted as giving evidence that the ARPES
ideas has become available. These recent measuremeftfewidths are linked with electron-electron interactidfs.
show that the transport relaxation rate is essentially indeperBecause scattering by spin fluctuations has already been in-
dent of temperature below 20 K, and increases at least agstigated fod-wave superconductdréas well as ins-wave
rapidly asT* above this temperature. In comparing their re-superconductots), our article is devoted to the study of
sults with the most relevant of the current theories, Hosseinguasiparticle-quasiparticle scattering. Interestingly, although
et al. found that theirT* experimental result for the relax- both give a T? temperature dependence in the low-
ation rate was about one power Dfaster than thd relax-  temperature limi*3 for a normal metal, we will find that
ation rate obtained in the theory of quasiparticle scattering byhe predicted temperature dependences are different for the
spin fluctuations in a model fat,> 2 superconductivity. case of ad-wave superconductor. These two mechanisms
The quasiparticle relaxation time is the mean free timeshould thus be experimentally distinguishabledimave su-
between collisions of a quasiparticle. The electricalther-  perconductors.
mal) transport relaxation time is, roughly, the mean free time It should be emphasized that the superconducting state of
between those collisions that significantly change the electrithe highT, superconductors is by no means well understood.
cal (or heaj current. Understanding these relaxation timesin looking at the inelastic scattering of quasiparticles in this
and their differences is central to understanding the transposgtate(assuming that quasiparticles exiitis desirable to get
properties of superconductofsee, e.g., Ref.)8 Quasiparti- as broad a view as possible of a number of different potential
cle scattering by impuritiegrelevant at the lowest tempera- mechanisms for such scatteriigot only the spin fluctua-
ture9 has been studied intensivelsepresentative references tions and quasiparticle-quasiparticle scattering just men-
are Refs. 8 and)%nd has been found to lead to a number oftioned, but also order parameter phase fluctuatbrssripe
unusual properties, including the phenomenon of “universalfluctuations:’ and phononsbefore reaching definitive con-
ity” predicted by Leé and demonstrated experimentally by clusions. The characteristics of quasiparticle-quasiparticle
Taillefer et all® Inelastic quasiparticle scattering has beenscattering elucidated in this article, and in particular its
much less intensively studied theoretically, and the one relagreement with experiment, suggest that it has considerable
evant theoretical studywhich does exist does not appear to promise as an explanation of the low-temperature
give a sufficiently rapidly varying relaxation rate at low tem- temperature-dependent transport properties.

0163-1829/2000/617)/112854)/$15.00 PRB 61 11 285 ©2000 The American Physical Society



11 286 BRIEF REPORTS PRB 61

Another point of interest is that even if spin fluctuations ky
are an important source of inelastic scattering at most tem- \
peratures, the spin susceptibility is expected to decrease in
the superconducting state, and the quasiparticle-quasiparticle
scattering should then become more important relative to the
scattering by well defined spin fluctuations as the tempera- Q Q
ture is lowered. A well defined spin fluctuation is a strongly Ky
correlated electron-hole pair. As the temperature is lowered Q3
in the superconducting state and the spin susceptibility be-
comes smaller, the correlation of the electron and the hole
will become weaker, until at very low temperatures the elec-
tron and hole will behave independently. Thus, at low tem-
peratures, a calculation of the quasiparticle lifetime due to a
scattering by spin fluctuations such as that carried out in Ref. FIG. 1. The Fermi surface associated with a single Cplane
7 would be expected to give a result similar to our calcula-of YBCO. The superconducting gap varies with momentum along
tion of this lifetime by the quasiparticle-quasiparticle scatter-the Fermi surface, going to zero at the nodieslicated by solid
ing mechanism. This is what we find, as both our result andircles. The wave vector®); on the Fermi surface are associated
the spin fluctuation result have a low-temperatlifevaria- ~ With quasiparticles involved in an umklapp procésse textandG
tion with temperature. However, it is also clear that becausés a reciprocal-lattice vector.
of the small spin susceptibility at low temperatures there is
no fluid of spin fluctuations separate from the gas of inde- Calculation of the quasiparticle relaxation rat€he qua-
pendent electron and hole excitations. This means that th@particle lifetime = can be evaluated using the “golden
normal quasiparticle scattering processes as calculated by ugle,” and is given by
and the related processes calculated in Ref. 7 cannot relax

the momentum or the electrical current, and umklapp pro- 1 _2m M 2,0 0 0
. ’ — = n, (1-—ng)(1—n
cesses must then be considered. (k) A k2k23k4 Mgl N ( k) ( k)
According to Hosseingt al.,’ the rapid temperature de-
pendence of the transport relaxation rate observed at low X5(Ek1+Ek2_Ek3_Ek4)- 2

temperature would be expected in any situation where th% M . trix el t that will tain BCS
inelastic scattering comes from interactions that are gappe e Mikoksk, 15 @ mMatrix element that will contain

belowT,. The end result of our low-temperature calculationcoherence factors since we are treating the scattering of
(described beloy of the transport relaxation rate for the BCS-like quasiparticles. This matrix element containg a
electrical conductivity resulting from quasiparticle- function conserving the quasimomentum such that

uasiparticle scattering, namely,
q p g y kl+k2=k3+k4+G, (3)

-1
Ter =H(T)exp(—Ay ke T) @ where G is a reciprocal-lattice vector. The processes for

has just such a gap, making quasiparticle-quasiparticle scavhich G=0 are called normal processes, wherea&#0
tering an attractive possible explanation of the low-the processes are called umklapp processes. Aﬂr{{o,
temperature inelastic scattering in YBCO. Here, the §ap  =n%E,)=[expEy/ksT)+1] ! is the equilibrium value of
is some fraction of the maximum superconducting gap, angtermi Dirac distribution functiom, , andE, is the quasipar-
f(T) is a prefactor which is relatively slowly varying, but ticle energy.
nevertheless important for the fit of the experimental data. At temperatures much less than the maximum gap, the

Quasiparticle-quasiparticle scattering at low temperatureghermally excited quasiparticles have momentum vectors ly-
in d-wave superconductors has some interesting propertiefag close to the gap nodes on the Fermi surfesee Fig. 1
The scattering of nodal quasiparticles yields a quasiparticlen the scattering of a thermally excited quasiparticle by an-
relaxation rate varying with temperature B For a typical  other thermally excited quasiparticle the outgoing quasipar-
Fermi surface corresponding to an optimally doped €uOticles must also have momentum vectors lying close to the
plane of YBCO}® however, such processes are all normalgap nodes in order to conserve energy. It can be seen by
processegconserving the total momentum with no addedstudying the Fermi surface geometry of Fig. 1 that the scat-
reciprocal-lattice vectgrand so do not contribute to the re- tering processes in which only nodal quasiparticles are in-
laxation rate observed in electrical transp(see, e.g., see volved must be normal processes.
Ref. 12. The processes that determine the electrical transport Now, the current associated with quasiparticles lying
relaxation time are the quasiparticle-quasiparticle umklapglose to the nodes indwave superconductor is given by the
processes, and these are forbidden unless the energy of oggpression
of the incoming quasiparticles is greater than a threshold
energyAy . This is the reason for the exponential depen- nk
dence onA occurring in Eq.(1). It will be shown below ‘]:zk e Mo 4)
that Eq.(1), which is characterized by the exponential factor
that varies rapidly withT at low temperatures, gives good i.e., the quasiparticle current is proportional to the total qua-
agreement with the experimentally measured temperature deiparticle momentunisee, e.g., Ref.)8 Because the scatter-
pendence ofrgll. ing processes just discussed are normal processes, they can-
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not change the total quasiparticle momentum, and hence
cannot contribute to the transport relaxation rate associated
with electrical current.

It is easily seen that the normal processes discussed above
cause significant changes to the heat current carried by the
guasiparticles. These normal processes thus determine both
the quasiparticle relaxation rate and the transport relaxation ) oopala
rate appropriate for the quasiparticle contribution to the ther-
mal conductivity. Therefore we comment briefly on their
temperatur? dgpendence. The eXC.itatiO.n energies of the FIG. 2. A comparison of the theoretical curve ogll versus
nodal quasiparticles can be parametrized in the usudd amy temperature as determined by Eq9) with C=0.0139
X10" K 2sec® and A, /kg=105 K, and the experimental re-

Ex= \/(v,:pl)2+(vzp2)2, (5) sults (with error bar$ of Hosseiniet al. (Ref. 5. A constant has

been subtracted from the experimental data so that the low-

where the momentump is measured from the node and hastemperature limit ofr,* is zero.
component®, along the Fermi surface and perpendicular
to it. The matrix elemenM in Eq. (2) is taken to be inde- with a similar equation foEy . With this parametrization the
pendent of momenturfexcept for thes function ConserVing integra|s over the momentum and energy Conser@m']c_
momentum, and Eq.(5) is used. A scaling argument applied tjons in Eq.(2) can be done analytically, giving the result of
to the momentum integrations then yields the result Eq. 1. Here the prefactdi(T) is (to within a constant

1.2
o experiment

0.8 — theory

1:1(10" sec™)

7 l=DT? 6) f(T)zﬁc dxf:dyfozwdGE(X)F(y)G(X,y,0) ®)

for the temperature dependence of the quasiparticle relax- _ )
ation rate at temperatures well below the energy gaps(a  With the  function E(x)=exp(-x*y*Ay/kgT),  F(y)

constant This same resultexcept for a change of the con- Zei)(F[—yAu/(ZKBU], and_l G(xzy,ﬁz):(z—b)[l
stantD) is obtained when the appropriaewave BCS co- —n-(u)]/(aZ). Also, a(6)=(y “cosé—sin )", b(x,6) =«
herence factors are included in the matrix element. +[(y'1y) —x]Jcosé+(y'+yx)sind, Z=yb°+ay, and u

Quasiparticle-quasiparticle umklapp processes do change2aAy(Z—b)/a. These equations contain four undeter-
the total quasiparticle momentum and electrical current anehined parametersa=uve/vi,y=v,/ve,y =vy(V2v}),
hence determine the electrical current transport relaxatioandA . For an initial investigation of the integral fdT)
time 7. The quasiparticle momentum vectors for one par-we chosey=1/14, in agreement with experimefitand also
ticular umklapp process are shown in Fig. 1. Here, the momade the arbitrary choices=1,y’ =1/(14y2), andA,/kg
mentumQ; of the low-energy quasiparticle whose relaxation =105 K. We find that, in the temperature range of interest
rate we wish to calculate lies in the vicinity of a node. The(20<T<60 K), f(T)=CT? to an accuracy of about 2%.
vector Q, is determined by the parallelogram constructionThis approximatd? temperature dependence is not sensitive
indicated in Fig. 1 and by the fact that it lies on the Fermito reasonable variations of the parameters. Thus, to a good
surface. The four quasiparticle momenta sati€fy+Q,  approximation,
=Q3+ Q.+ G whereG is the nonzero reciprocal-lattice vec-
tor indicated. A study of Fig. 1 shows that the quasiparticle T =CT2n%(Ay)[1—n%Ay)]. 9
Q. is the lowest energy quasiparticle that can enter into

collision with the nodal quasiparticl®, in an umklapp pro- efn this last result, the exponential function has been replaced

by the product of Fermi Dirac distribution functions, which

cess. The energy of the quasiparticletis calleday (U should give a somewhat more accurate result as the tempera-
for umklapp. We expect that the umklapp process scatterlnqure is raised. With the parametrization of Ed@), however,

rate will be proportional to the mean number of quasiparti-, . A . :
cles in a state of wave vect@,, which is expAy /kgT) for thlﬁ_rr]esullt 'St §t|||| ct:orrect otnlylln tr:_e “ka__I;<hAU been d
kg T<Ay. Umklapp processes involving collisions with a e electrical transport relaxation rafg,* has been de-

guasiparticle with its momentum and energy fairly close totermmed experimentaffyby fitting the microwave conduc-

P I ; tivity determined at a number of different frequencies to a
those of quasiparticl occur for quasiparticles in the h L _
neighborhgod o?Qz sh?vzvn by the shgded F?egion in Fig. 1. Drude .Ilne Shape(Wh'ST it fits well. The' expenmentally
The sum over all of these umklapp processes gives a rel@€termined values of, = are reproduced in Fig. 2. For the
tively slowy varying temperature-dependent prefactor to thésnosen value 105 K ol /kg, the theoretical result of Eq.

exponential temperature dependence just mentioned, as W& Can be seen, in Fig. 2, to be in agreement with experiment
will now indicate. to within the experimental error. From the Fermi surface

Fork; in the neighborhood dD, , letfik,=%Q,+p;. The shown in Ref. 18 from the fact that the superconducting gap

quasiparticle energy fok, in the neighborhood 06, can IS found8 to vary roughly agcosk,—cosk/| on the Fermi
then be written, in a manner similar to EG), as surface'® and from the parallelogram construction of Fig. 1,

we find thatA is about two-thirds of the maximum super-
b2 conducting gap\ ,.x- Based on this reasoning our value of
Ei,=Ay+oipo+ ipi ) _AU/kB of 105 K vyields A max of 14 meV. The value\ .«
U is not a very well established value experimentally. For ex-
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ample, for the various samples studied in Ref. A8, has hand, is due to quasiparticle-quasiparticle umklapp pro-
values which lie between approximately 11 and 31 niigV  cesses. In the presence of th&ave gap, there is an energy
cluding the uncertainty due to experimental eyr@iven the  threshold for these umklapp processes such that one of the
uncertainties in our method of estimatiny,., from our  incoming quasiparticles must have an energy greater than a
scattering rate formula, and the fact that the value that we dghreshold energy,, (A is some fraction of the maximum
obtain is within the bounds established by the ARPES reSuperconducting gapTh|s gives the electrical transport re-
sults, the agreement of our theory with experiment must bgyation rate T&l a T2exp(—Ay/kgT) temperature depen-

cor|1$|dere(il S?t'Sf?ﬁFory‘t. le ai detailed d - fdence at low temperatures. This theoretical result reproduces
n conclusion, this article gives a detailed description ol rapidly varying temperature dependence o‘gl
the characteristics of quasiparticle-quasiparticle scattering in . el
a hiahT. superconductor such as YBCO. valid at tem era_observea at low temperatures, as can be seen in Fig. 2.
gh-le Sup . ' mpel Quasiparticle-quasiparticle scattering is thus a promising
tures well below the maximum energy gap. The quasiparticle

relaxation rate and the transport relaxation rate appropriat@echams.rq for und(_arstandmme Iow-tempergture inelastic
for a description of the microwave electrical conductivity arequasmartlc e scattering rates savave superconductors.
found to be controlled by different processes. The quasipar- We would like to thank D. A. Bonn and L. Taillefer for
ticle relaxation rate is due to the scattering of nodal quasihelpful discussions, R. Harris for providing the experimental
particles off one another and hasTa temperature depen- data for Fig. 2, and the Natural Sciences and Engineering

dence. The electrical transport relaxation rate, on the otheéResearch Council of Canada for support.
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