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Mixed-State Quasiparticle Transport in High-T, Cuprates
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Theory of quasiparticle transport in the mixed state ef-aave superconductor is developed under
the assumption of disordered vortex array. A novel universal regime is identified at fields above
H* = ¢*H(T/T.)?, characterized by #ield-independentongitudinal thermal conductivity®, . It is
argued that this behavior is responsible for the high-field platead:inexperimentally observed in
high-T, cuprates. [S0031-9007(99)08562-2]

PACS numbers: 74.60.Ec, 74.25.Fy, 74.72.—h

Properties of the mixed state of high-cuprate super- argument in support of such a scenario with a weakly
conductors keep surprising the scientific community infirst order transition, but pointed out that opening of
ways never imagined before. On one hand, the colleca gap with physically reasonable magnitude could not
tive behavior of vortices produces a multitude of “vor-in itself account for the complete suppression of the
tex phases” attributable to an intricate interplay betweerlectronic transport in BiISCCO at temperatures up to
the thermal fluctuations, dimensional crossover, and pin30 K. Furthermore, we find that sudden opening of a
ning forces on vortices. At low temperatures, on the othesizeable gap leads to jamp in «,.(H), as opposed to
hand, unexpected and fascinating properties are observedkink observed in [1,3]. Experimentally, there appears to
related to thed-wave symmetry of the order parameter be little additional evidence for thé + id’ state, except
and the consequent relativistic “Dirac” spectrum of theperhaps for the apparent bound states found by scanning
low-energy quasiparticle excitations. tunneling microscopy (STM) in the vortex cores of YBCO

A recent example of such an unexpected behav[8] which should not exist in a puré,.-,- state [9].
ior is the experimental observation of the high-field The existing theoretical treatments [7,10—12] so far
plateau in the longitudinal thermal conductivity,,  side-stepped the important issue of the effect of mag-
in Bi,SrCaCy0g;s (BISCCO) and YBaCuw;Og netic field on the quasiparticle mean free path (MFP), de-
(YBCO) by Krishana, Ong, and co-workers [1,2] and bytermined primarily by scattering of quasiparticles by the
others [3—5]. In particular, it is found that after an initial Abrikosov vortices. A detailed theory of the MFP due
steep drop at low fields (but well into the mixed statg)  to vortices ins-wave superconductors was developed long
becomes field-independentabove H* = ¢*H.,(T/T.)> ago by Cleary [13]. Thel/-wave problem, however, is
and remains so up to the highest attainable fieldd T.  fundamentally different [9] and, except for heuristic treat-
The implication is that both electronic and phononicments given in Refs. [14,15], no analogous theory exists
contributions tok,, separately become independent ofat present. Here we develop such a theory and show that
field, with the initial drop attributed solely to electronic field-independent longitudinal thermal conductivity arises
k¢, [2,4]. These observations stand in a sharp contragjuite naturally in a purel,-—,> state above a crossover
to the behavior ofk,.(H) found in conventionak-wave field H*(T). This behavior reflects an exact compensation
superconductors [6], where vortices are strong scatteretsetween the enhancement of the quasiparticle density of
of both electrons and phonons. Understanding thetates (DOS) in the presence of nonuniform superflow (the
physics of the plateau phenomenon therefore present¥olovik effect”) [16] and the concomitant reduction in the
a considerable challenge to the theory of quasiparticlguasiparticle mean free pathdue to increased scattering
transport in cuprates. Its broader significance lies in thérom vortices in a disordered vortex array. The limiting
fact that simultaneous measurement of the field-dependehtgh-field value ofx¢,(H) is universal in the similar sense
longitudinal («..) and transversex{,) thermal conduc- as the impurity induced universal microwave conductiv-
tivities, now feasible experimentally, contains a greatity o(w — 0) predicted by Lee [17]. The approach to
wealth of information on the quasiparticle dynamics, andhis limiting value depends on the distribution of vortices
in principle affords deduction of inelastic scattering rate,in the sample and will therefore be material and sample
thought to be important for the pairing mechanism independent.
cuprates. The basic physics of the new universal regime can

The initial interpretation of the plateau involved a be understood from the following simple argument. In
field-induced transition to a fully gapped state, such ashe elementary Boltzmann-type treatment the electronic
de—y + idy, (or “d + id"), which would effectively thermal conductivity of a normal metal is given by
freeze out the quasiparticle transport at low energies . 1
[1]. Laughlin [7] presented a compelling theoretical Kee = 3 vreot, 1)
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where ¢, is the electronic specific heat anfl is the treatment ofx¢.(H), based on the Kubo formula for the
MFP. We now argue that this relation remains validheat current response. Besides supplying the unknown
in the mixed state of a/-wave superconductor at fields constantk’, such calculation provides the necessary con-
above H*. As first pointed out by Volovik [16], the fidence in our result (4) and helps understanding the ap-
superfluid velocity field around vortices induces a Dopplemproach to the universal limit with the increasiff

shift in the excitation spectrum of quasiparticles, which In the absence of field the quasiparticle propagator is a
in turn leads to a finite DOS at the Fermi level. For2 X 2 matrix in the Nambu space (takirg= 1)

H = H* the system behaves effectively like a normal

metal and we expect (1) to hold. The residual DOS scales Go(w,k) = 5 .
as Ny(0) ~ /H and gives rise to the well-known low w? — e — Ag

temperature specific heat [16] where#; are the Pauli matrices. In intermediate magnetic
¢y = koNpTy/H/H, (2) fields the coupling of quasiparticles to the superflow
where Ny is the normal-state DOS, arig is a constant around the vortices is well described by the semiclassical

of order unity. This type of behavior is indeed observed€Placemen — o — k- v(r) in Eq. (5) [11,27]. In
experimentally [18]. a simple London model, which will be sufficient for our

We now estimate the vortex contributiofy, to the PUrPOSes, the superfluid velocity field is given by [28]
total MFP ¢! = ¢;! + ¢3'. The central assumption A2 &2k ik X 2 KR
we make is that in the regime of experimental interest vi(r) = m Q72 1 + A2k2 Ze' FRL(6)
the vortex lattice isdisorderedin the sense that it i
possesses no long range translational order, and willere A is the London penetration depth, is a unit
therefore scatter quasiparticles [19]. At low energiesvector along the field direction, add®;} denotes vortex
¢y is dominated by the quasiparticle scattering frompositions. In a disordered vortex array, on the length
the superfluid velocity fieldvs(r). Scattering from the scales large compared &g, propagation of quasiparticles
vortex cores is down by a fact¢€¢/a,)> = H/H., < 1  will be described by the Greens functi@veragedover
[22], wherea, = &é\H.»/H is the average intervortex {R;}:
distance,& = vr/7Aq is the coherence length, ankh A A
is the maximum gap. In the (disordered) vortex lattice Glw. k) = (Golw = k - ve. k)hr, (7)
v, (r) varies on the length scale set by. Sincea, is the If we now define a probability density
only relevant length scale in the problem [23], one expects

w + T3ex + T1Ax

: ®)

on general grounds that P(n) = (6l = k - vs(r) Dy » (8)
Oy = kia, /ch/H, 3) we may rewrite (7) as
wherek; is a field-independent constant. This conclusion G(w, k) = | dnP(nGo(o — n,k), 9)

lsu:!lr:ijeaer(tjiclfe on?(r)m:datt;)r/ Oaurf[liﬁéghggloc\’ﬁlc:sla\tlﬁrﬂ g; éhe a?md all the information on the vortex array is now encoded
galculgtion of Ft)hepvc?rtex transport scatte’rin Cross secgohn P(n). Making the most natural ansatz that the vortex

. port s 9 .~ positions are random and uncorrelated, it can be shown
oy [22], carried out along the lines of the classical

_ 2\=1/2 ,—n%/20% \nyi
treatment by Cleary [13]. We note that Eq. (3) is alsol12] thatP(n) = Qmop)™ """ with

consistent with the result of Ref. [15] based on a heuristic N 8 a2/ H )
argument involving the Andreev reflection. oy = kakp(vd (v ()R, = Y (H 2>A0 Ink.
In sufficiently strong fields Eq. (3) implies thé < ‘ (10)

€y [24] and the total MFP will be dominated by vortices: .
¢ =~ ¢y. On substituting (2) and (3) into (1) we arrive at Herex = A/£, and the last equality follows from Eq. (6).
the desired result that fad > H*, «¢_will approach the Evaluation of the propagatat is somewhat compli-
field-independentniversal value cated by the fact that the integral in Eq. (9) cannot
HIT — ke Nev?/3A @) be expressed in terms of elementary functions. This dif-
Kyxx = KTNFUR 0>

ficulty can be avoided by takin@” to be a Lorentzian
with k' = kok;. Evaluation ofk’ below shows thak¢”  P(n) = 7w 'oy/(n? + o) rather than a Gaussian, in
is identical to the “universal” thermal conductivitysy  which case the integration is elementary and one obtains
due to impurities predicted by various authors [11,25] and A oA .
observed experimentally by Taillefer and co-workers [26]. G(w.k) = Golw — ion. k). (11)
The argument based on Eq. (1) captures the essenti@kattering from vortices therefore results in a self-energy
physics of the new universal regime and provides a vergorrection to the Greens function, which, for the particu-
natural explanation of the plateau phenomenon observddr case of Lorentzian distribution, is simply a constant
in cuprates [1-5] in terms of fundamental properties of2y(w,k) = ioy. Had we kept the Gaussian distribution,
the Dirac fermions. We now present a more rigoroughe self-energy would be similar at low energies, but would
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tend to zero fotw? — eﬁ - Aﬁl > 0'%1. This additional constanto,, which we interpret as a process-specific

structure results in slight mathematical complications bufiverage oy (w, k).

does not change the result fef,.(H) qualitatively. We For arbitraryo andT the expression (12) fot¢, must
therefore choose to proceed with the simpler form (11) andbe evaluated numerically. However, the leading terms
treat it either as a reasonable low-energy approximatiomay be readily obtained in a perturbative expansion. We
to Eq. (9) or as a slightly different physical problem obtain, foro > 2T (high field regime):

with a vortex distributioR}} resulting in the Lorentzian

e 2
distribution P(). K TUENF (1 LI T_2>; (15)
Equation (11) may be used to calculate the field- r 64 15 o2
induced ~ DOS, Ny(w) = —Qm) '3k TrA(w,K),  andfore < 2T (low field regime):
where A(w,k) = 2Im G(w,k) is the spectral func-
tion. One obtainsNy(0) = oy * +/H, in agreement Kee viNp [95(3) T 4 In2 1} (16)
with Volovik's result [16]. Interpretation ofoy as T  2A 4 o 2 T 1

the scattering rate due to vortices allows estimation of ) ) ,
the vortex MFP{y = /oy, where o is the average The first term in Eq. (15) reproduces Egq. (4) fbr=

i art ; - 1/2 and represents the universal thermal conductivity
uasiparticle velocity. Takingp = ./ 10], we : i
d P y & vrvs (10] eH = k6o [11,25], which does not depend on the details

find €4 = a,(8 In «)!/? = 0.5a, (for =7 Ko b :
and :': 7%)( ;)nA/;greelr(r:ent Withaou(r n;if/{evAestimate of the vortex distribution, as long as there is no long
3). We fina’lly note that since the scattering ratg is range order. This result Ju§t|f|es the. usage of the simple
proportional to~./n, (with n, = H/®, the vortex den- Boltzmann approach (1) in the_ mixed state _ofda .

sity), Eq. (11) will be in general difficult to derive from Wave ?“pe“l’f’”d“"tor- The 'eaﬁ"”g Cr?”e%t'o” in (15) >
conventional diagrammatic techniques which typica”ynonunlversa, €.g., one may show that the power wi

: . . schange td7 /o )* for a GaussiarP.
employ low-density approximation and therefore yield X . .
scattering rates proportional tg,. Physically, the,/n, Equations (15) and (16) provide a simple tool for ex-

nonanalyticity reflects the long rangddr nature of the tracting the zero-fleld_ scattering radg from the EXper-
v, field associated with a single vortex. mental data. Assuming that the phonon contributidn

We are now in the position to evaluate the thermal© the thermal conductivitg,, is field independent [2,4],

conductivity tensor from the standard linear responstljhe.wtalII drtl)p ig"“(Ht)) betweent = 0 and the plateau
theory. Following Ambegaokar and Tewordt [29], we 'S SIMPly related taro by

find for ad-wave superconductor in 2D, aT(l + 6ky)~", o9 <T
: . 7 = | 5 - an
K 1 f do <£> secﬁ<£>K~(w) T (S k)~ V2, oo >T.
T am? )= T\T )7 Here By = [kal0) — kun(®)]/fo,  Kun(e)  de-
(12) " notes the plateau value,c; = 27£(3)/47 = 2.58,
where (neglecting vertex corrections) and ¢, = /772/15 = 2.15. Applying these rela-
A2k R A tions to the data on underdoped YBCO [2] and using
Kij(w) = —— kik; Tr{3A(w, k)73A(w, k)}. (13) kéo/T = 0.019 W/K?m [26], we obtaino, =~ 0.4 meV
(2m) at 10 K, increasing to about 7 meV at 50 K and 19 meV

At temperatures low compared thy it is permissible to at 60 K (just belowl. = 63 K).

linearize the quasiparticle spectrum in the Dirac cones To illustrate the behavior ot¢, (H) over the wide range
near the four nodes of the gap functidy = Agcog26)  of fields and temperatures in Fig. 1 we have evaluated
[10,17]. Takingex = vrk; andAx = vak, in the new Eq. (12) with kernel (14) numerically, adopting a phe-
coordinate systertk;, k») with the origin at the node, one nomenological expression for the scattering @§¢A, =

can explicitly perform the integral in (13) to obtain Yo + v3(T/Ao)®. Here y, represents the residual scat-
412 © o © tering rate due to impurities and thg term models the

K. (w) = £ [1 + (— + —)arctan—] inelastic scattering rate [30] which is known to collapse
TUFUA g w o (14) rapidly belowT, [14].  The similarity of Fig. 1 to the

experimental data on the underdoped YBCO [2] is strik-
Hereva = 2A(/kr and we have replacadly by the total  ing: the positive curvature ok,,(H) is enhanced with
scattering rateo = oy + oy, with o describing both decreasing” and the curves approach a field-independent
elastic and inelastic processes in the superconductor galue at high fields. The characteristic crossing of the
H = 0. The proper description of these processes wouldurves neaff’/A, = 0.15, which reflects the crossover in
presumably require a self-ener@y(w, k) which depends o(T) from inelastic scattering at high (solid lines) to
strongly on both of its arguments. However, absent thelastic scattering at low (dashed lines) is also present.
detailed microscopic theory of such processes, we follow In some samples of BiSCCO, the plateau is reached
[30] and simply model their effect by a phenomenologicalabruptly, with a discontinuity in the slope of,.(H)
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