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Quasiparticle Thermal Hall Angle and Magnetoconductance inYBa;Cu3O,
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We present a way to extract the quasiparticle thermal conductiwjityand mean free path in
YBa,Cw;O, using the thermal Hall effect and the field dependencexaf The results compare
well with heat capacity experiments. Moreover, we find a simple relation between the thermal Hall
angle§, and theH dependence ok., as well as numericatquality betweend, and the electrical
Hall angle. The results also reveal an anomalously anisotropic scattering process in the normal state.
[S0031-9007(99)09469-7]
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The quasiparticle (gp) excitations in cuprate superconfthe chain axis) is measured with a pair of chromel-
ductors display many unusual properties related to theiconstantan thermcouples, as in [5]. Samples 3 and 4
long transport lifetimes and the existence of nodes in thare underdoped twinned crystals with = 63 and 60 K,
gap function. These properties have been investigated bigspectively (in bothx = 6.63).
microwave and heat transport techniques. Benal. [1] As our analysis rests on the finding that, (the
uncovered a broad peak in the zero-field microwave conphonon conductivity) is insensitive t&, we first sum-
ductivity in YBaCu;O; (YBCO). From measurements of marize the evidence for this result. In the cuprates, the
the zero-field thermal conductivity anomaly in untwinnedfield dependence of,, is known to be described by the
YBCO, Yu et al. [2] inferred that it arises entirely from equation
the quasiparticles. Taillefeat al. [3] measured values of <O(T)

K. below 0.1 K that are close to the predicted universal Ke(H,T) = —————F———
vaIueKSO [4]. [1 + p(T)|H|#]

The long quasiparticle lifetime also produces a largevherep(T) is an inverse field scale and = 1.
thermal Hall effect which has been investigated in YBCO Equation (1) has been tested at high resolution. In
[5]. While the quasiparticles are solely responsible forunderdoped YBCO [in whichy(T) approached T~ ! and
the thermal Hall conductivityk,,, their contribution a plateau value is observed below 15 K], fits Eq. (1)
to the diagonal conductivity,, is harder to sort out closely over two decades i [11]. These fits require the
experimentally. The general problem of gp transport inbackground termk to be H independent [5,12] (see also
a d-wave superconductor in a field is an active arearu et al.[13]). Thus, these earlier findings impose the
of research [6—9]. Novel effects such as those arisingonstraint that either the gqp conductivity or the phonon
from the Doppler-shift term [7], field quantization of the conductivity must be? independent.
states around the nodes [8], and Andreev scattering from Becausex,, displays strong curvature V&, the phonon
a disordered vortex array [9] have been proposed. term is clearly the one that i& independent. Hence,

We report results that reveal a close relation betweein Eq. (1), we identify the differencec,, — xg with
Ky and ky, in YBCO. We find that the thermal Hall the field-dependent part of the-axis gp conductiv-
anglef, closely tracks a parametenT) extracted from ity «..(H,T) [we have writtenx? = «,,(0,7)]. The
the field dependence of,., which implies strongly that H-independent ternkp is identified with,,, including
p(T) is proportional to the gp mean free path (mfp). Inpossibly a very small residual electronic tewff that is
addition, we find thatd, agreesnumerically with the  H independent [9]. Withk, , SO extracted, we may obtain
electrical Hall angle®, extrapolated from abové.. Our the thermal Hall angle ta#y = «.(H,T)/keq(H,T)
results disagree with the factor of 2 discrepancy found inhereafter we drop the in «, ).

a recent related study [10]. The Hall conductivity k., in sample 1 (see Fig. 1)

Measurements of,, and k., were made on four displays behavior similar to that in Ref. [5], but with
crystals (1-4) in afield || ¢. Samples 1 and 2 are both stronger curvature vB. Results for sample 2 are closely
optimally doped and detwinned with= 6.95 and7. =  similar. Combiningx,, and the parameters in Eq. (1),
93.3 K. With the thermal currenly, || % || a, the thermal we derive tafiy. The traces in Fig. 2 show that @ is
gradient—0, T is measured with a pair of matched cernoxinitially linear in H, but displays increasing curvature at
sensors. The antisymmetric “Hall” gradierto, T || b largeH and lowT. We focus only on the initial value.

+wp(T), (1)
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0.30 quantities share the sarfiedependence over a broad range
of T.
As tard, is generally proportional to the qp lifetime,
0.25 the comparison implies thap(T) is also proportional
to the gp lifetime or mean free patf(T). It is then
< 020 convenient to express(T) in the general form
e p(T) = €(D)s/ o, (2)
E 0.15 where the length scaledepends on the particular model,
< and ¢o = h/2e (h is Planck's constant and is the
2 elementary charge).
x 0.10 We may also express the initial Hall angle in terms of a
“Hall-angle” mean free pathy, viz. 69 = €y (T)eB/likp
0.05 with kr the Fermi wave vector. The proportionality
N betweenp(T') and tamd, implies
i , s = (tn/O) (M /kp) = 65(ts/O A, (3)
0 2 4 6 8 10 12 14 with kr = 0.64 A1
H (T) We add the caveat that, in 93-K YBCO, the simple
Ho

proportionality betweenp(T) and ¢ expressed in Eq. (2)
FIG. 1. The Hall conductivityx,, in untwinned YBaCu;O; does not hold close .. Above 80 K, the extracteg(T)
(sample 1), with thermal curredy, || a andH || c. and 6, appear to diverge af — T, . This divergence

is an artifact produced by the existence of a sharp zero-

field cusp in thex,, — H profile close tor. (its presence

The weak-field taf, provides a powerful clue to the €nhances the slope of,, vs H as H — 0). In 93-K

panel of Fig. 3), we note thai(T) increases rapidly with and cannot be isolated easily. Thus, the appgpéf is
decreasing’, closely trackingd,. Between 30 and 80 K,
the data forp(T') and 6, (open triangles) may be made T
to lie on the same curve, if we simply divide(T) by
the dimensionless scale fact = p(T)B/6y (B — 0) O 20 40 60 8 100

(in both samples 1 and ZM equals 13). Thus, the two L ;!' s
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0 2 4 6 8 10 12 14 weak field 6yp/B in samples 1 (open triangles) and 2 (solid
HH (T) triangles). The solid lines are values 6f/B measured in
sample 2 above 93 K (the broken line shows its extrapolation
FIG. 2. Traces of the Hall angle tan= «,,/«. wherek, = as the curve44/T?). The inset shows the zero-field gp

Ky — Kp, With k5 determined by fitting to Eq. (1) (sample 1). conductivity ¥ extracted in samples 1 and 2.
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increasingly distorted as we get closeTia However, in The heat capacity measurements appear to be converg-
underdoped YBCO, the cusp is clearly distinct from theing to the result that, af = 0, ¢, varies asaT? at low
regular profile and its effect may be subtracted (see insef, with o = 0.064 mJK 3 mol~! [15]. This value ofa
in Fig. 4). The origin of the cusp is unknown at present. implies [16] v; = vy = 1.78 X 107 cm/s and«?/¢; =
Recent heat capacity experiments on YBCO place stron@.72 X 10*T2. By comparing the second equation with
constraints on the analysis @E at low 7', which we now our results, we can fix the unknown scale The best
address. The gp thermal conductivigf (H = 0) ex- fit (broken line in Fig. 4) gives = 45 A, in reasonable
tracted for samples 1 and 2 is displayed in the inset iragreement with Eq. (3). With thisin Fig. 3, we find that
Fig. 3. AsT decreasesx® increases by-10 before de- ¢; = 1800 A at 40 K.
creasing rapidly. We may write? = c.(v{)/2 wherec, We next compare thd dependence of t#p with
is the electronic heat capacity afwl() denotes the group the electrical Hall angle tah = p.,/p, (the solid line
velocity-mfp product averaged over the Fermi surfacein Fig. 3, main panel). Remarkably, @ falls on the
The weak-field Hall conductivity ic.(v{)/2)tarfy. At 1/T? curve of ta®, extrapolated to below 93 K with
low T in a d-wave superconductor, the Boltzmann equa-no adjustments to either scale (dotted line). In YBCO,
tion approach givesv ) = (v1€; + v,f3)/2, where sub- a large fraction(~1/2) of the charge carriers is in
scripts 1 and 2 refer to the principal axes of the Diracthe chains(|| b). Because of the resistivity anisotropy
cone at the nodes (as/v, = 7, transport along the 1 axis p./p, (= 2.1 at 100 K), it is important that we compare
dominates [14]). Dividing the two conductivities iy  tard, with the correct Hall anglep,,/p; (this probes
and¢}, respectively, gives quantities that may be comparethe electrical currenf| a; the incorrect choicep,,/pa
with ¢.. Although p(T) in our experiment determinds is only half as large). Hence, our finding of numerical
only up to the unknown parameterwe may plot our data agreement between tég and ta, applies strictly to
as«?/p(T) and k,,(0)/Bp(T)?, and examine theil de- the carriers in the CuOplane. The case fofy || b
pendence (Fig. 4). Below 60 K, both are consistent withremains to be investigated. Nevertheless, when twinned
a power-lawT dependence [in particulak,,(0)/Bp(T)*>  crystals are used (see samples 3 and 4), we still observe
fits aT> behavior]. equalitybetween the two Hall angles. This suggests that
the equality holds as well wheky, || b. Thus, our overall
finding is inconsistent with that of Zeirgt al. who find
T thatf, /6. = 2 in a twinned crystal [10].
.'"10-2 _AKXJKX The results in the underdoped 60-K crystals provide

important complementary information. We may extend

[e2]
o

60 W measurements op(7T) to lower T (10 K) because flux

.." , 1 pinning is much weaker. Further, the cusp né&aris
3 readily separated from the regular dependence ok,
(inset of Fig. 4), sop(T) may be reliably determined
up toT.. In the main panel of Fig. 5, we display(T)
measured in samples 3 and 4 (open triangles and circles,
respectively). With increasing, p(T) falls rapidly. The
T dependence ob, (solid symbols) is closely similar.
By adjustingM (= 20 and 15 for samples 3 and 4,
respectively), we may also match the curves ty
and p(T). We emphasize thap(T) does not show a
divergence neafl., unlike the case in samples 1 and
2. Moreover, agl' increases above 55 Ky(T)/M falls
belowthe curve ford./B. Also shown are data for the
electrical Hall angleg, measured in sample 4 (crosses).
In the inset in Fig. 5, we display the same data over a
e ve— broader range of (10 to 240 K). The log-log plot shows
T(K) that 6o continues on the curve fat, extrapolated below
T. (without any scale adjustment). BetweEnand 100 K,
FIG. 4. (Main panel) Thel' dependence of,/p(T) (open  the upper curve displays an apparent broad minimum. This
circles) andx,,(0)/Bp(T)* (solid circles) in sample 1. Both shallow feature is the superposition of a rapidly decreasing
quantities are proportional to, [«.,(0) is multiplied by M].  tary, (as T — T.) and a rapidly increasing tdp as

From the value ofa reported by Wrightet al.we have ; -
calculated /¢, and plotted it as(x®/€1) X (do/s) with T decreases beloW.. A recent investigation reveals

s = 45 A (the broken line= 0.01372 WT/mK). The inset that the decrease in tanis correlated with the opening

shows the cusp anomaly ik, vs H at 55K in under- Of the pseudogap at 150 K [17]. This causes the Hall
doped YBCO. angle to plummet steeply relative to its hightrend. The
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10 100 In summary, we have combined measurements,Qf
W0, T ] vs H with k., to achieve a self-consistent separation of
0.06——5T— F oy ] the gp and phonon conductivities. The numerical agree-
A s %52 116 ment between the thermal and electrical Hall angles in
i B Jl h L z both twinned and untwinned crystals, and the comparison
g 10 3 = with heat capacity experiments support the validity of the
e Pw, £ analysis presented.
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