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Abstract

In erystals of the superconductor YBasCuzO7 of very high purity, the long
quasiparticle {gqp) lifetime 7 leads to an enhanced (weak-field) thermal Hall
conductivity Ky that undergoes a thousand-fold increase below the transition
temperature T,. At low temperatures, we confirm Simon-Lee scaling behavior
for xgy and some of its striking consequences. The experiment impacts current
debates on two aspects of qp behavior in cuprates: Does Landau quantization

occur at the gap nodes, and does 7 change abruptly at 7,7

Typeset using REVTEX



In a superconductor, the electrons form a condensate that is a coherent superposition
of Cooper pairs. Because of the ‘rigidity’ of the gap wave function, the condensate itself
does not respond to most experimental probes. Instead, its properties are known from
experiments that excite and measure its low-energy excitations, or quasiparticles. In the
cuprate superconductors, d-wave symmetry of the gap function leads to a gap amplitude
that vanishes at nodes on the Fermi Surface FS. Near each node, the contours of the gp
energy form an anisotropic Dirac cone [1]. The interaction of the qp states with vortices
is (thus far) an intractable problem that has received wide theoretical attention [2-6], but
little experimental input. Microwave and terahertz experiments [7-9], and, more recently,
angle-resolved photoemission spectroscopy (ARPES) [10,11], have produced a wealth of
information on qp behavior in the cuprates in zero field. Recently, experiments investigating
thermal transport properties, especially the thermal Hall effect [12-14], have also emerged
as incisive probes of the quasiparticles, particularly in a strong magnetic field.

In a superconductor, an applied thermal gradient produces a heat current comprised
of a quasiparticle and a phonon component (the condensate itself does not respond to the
gradient). Krishana et al. [12] demonstrated that, when a magnetic field H is present, the gp
heat current develops a transverse component that is observed as a thermal Hall conductivity
K2y (Dy contrast, phonons cannot display a Hall effect since they are charge-neutral). Hence,
Kzy Selectively senses the qp current alone.

Previous measurements of x,, were severely hampered by weak Hall signals, which lim-
ited reliable measurements to above 35 K [12,14]. A recent innovation is the growth of
YBa,CuzOy (YBCO) crystals in BaZrCO;z (BZO) crucibles. Crystals grown in BZO cru-
cibles show nearly perfect crystalline order (from x-ray rocking curves [15]) and very low
impurity concentration. The concomitant increase in the (zero-field) qp lifetime 7 results
in strong enhancements of the gp charge and entropy currents. The most striking change,
however, appears in the weak-field x,, which increases a thousand-fold between T, and 30
K. These crystals enable «;, to be measured to ~ 10 K, thus providing the first detailed

picture of the low-7" Hall response.



Among the cuprates, 90-K YBa,Cu3O7 displays the largest in-plane thermal conductivity
anomaly. In BZO-grown crystals, this anomaly is further enhanced, as shown in Fig. 1 {Panel
C). The longitudinal thermal conductivity &g, (—=VT || a) in BZO crystals (solid circles)
attains a peak value that is ~ 80% larger than that seen in typical, non-BZQO detwinned
crystals (open circles). To isolate the qp current, we turn to Ky

Figure 1 shows traces of £z, vs. H at high (Panel A) and low (B) temperatures [16]. As
in earlier studies [12,14], the initial slope ngy/B = limp_o kgy/ B increases very rapidly as
the temperature T falls below T.. Further, the curves are strongly non-linear in H. Both
features reflect a 7 that increases rapidly with decreasing 7. An important new feature,
absent in previous studies, is the prominent ‘overshoot’ that produces a maximum in Kay at
the field scale Hy,o.. As T falls below 40 K (Panel B), the peak continues to narrow. For

later reference, we note that, over a broad range of temperatures (10 < T <70 K), Hmax

moxr

zy - also

varies as T?. Moreover, at low temperatures (T <28 K), the peak magnitude K
scales as T°.

The initial slope mgy/B, plotted as solid circles in Panel A of Fig. 2, undergoes a
thousand-fold increase between 7, and 30 K (the T-linear variation of Kzy above T, are
displayed as open circles [17]). We now show that this giant enhancement is driven by a
100-fold increase in the gp lifetime.

To extract the zero-field mean-free-path (mfp) from &), /B, we apply the Boltzmann-
equation approach [18], which should be valid in the weak-field regime w.r < 1 (w, 1s the
cyclotron frequency). In this semiclassical picture, a wavepacket constructed in state k
carries an energy Ex with a group velocity v, = A~V E, during its lifetime 7, (inset, Fig.
2(A)). Summing over the particle- and hole-like branches, we obtain the zero-H thermal

conductivity £, = c.(vifx)/2, where c, is the ‘qp heat capacity’, and (- --) means averaging

over a Dirac cone [19]. (Close to a node kg, we have B, = h\/(qu1)2 + (vage)?, where vy

and vy are velocity parameters normal and parallel to the FS, and q = k — k,. We define
the mfp £ = vyry,.)

A weak field causes the wavepacket to move on a contour of Eg, producing an energy
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current transverse to —V7 [inset, Fig. 2(A)]. The thermal Hall conductivity is then Ky =

ke tanfl. We assume the thermal Hall angle tan @ is proportional to w,7, viz.
tan @ = nw,T = nl/kply, (B —0) (1)

where k; is the Fermi wavevector and ¢ = \/Fm the magnetic length. The parameter 7
is less than 1 if £ is anisotropic around the FS. To determine tan @, we first fit the profile
of Kgz vs. H to the empirical expression ry.(B,T) = «(T)/[1 + p|BJ*] + Kog(T), where
the background term ky,(T) is H-independent and identified with the phonon contribution.
The initial Hall angle is then obtained as [14] tan 6 = limp_q Kuy(B)/[kez(B) — kp). This
procedure allows us to extract tan# (hence, £ using Eq. 1).

As a consistency check, we adopt a second way to obtain £ from ngy that relies on

measurements of the electronic heat capacity c.. Using Eq. 1, we may write

o _ CeUsfin
K‘a:y_ 4kf‘€28 - (2)

In a d-wave superconductor, ¢, = o2 for T < T,. Using the measured value o, ~
0.064 mJK~2mol~! [20], we may invert Eq. 2 to find £. We find that the values of £ obtained
from the two methods share the same T dependence, but differ by a fixed factor of 1.5 if
n = 1. By adjusting 1 to 0.6, we obtain numerical agreement between the two methods.

Figure 2(B) shows the T dependence of £ derived from the two methods. The agreement
between the two sets of data is evidence that our assumption Eq. 1 is physically reasonable.
Remarkably, between 7. and 20 K, the mfp increases by a factor of ~120 from 80 A to 1
micron. In the expanded scale, we show that this increase is abrupt, starting slightly below
T;. [For comparison, tan @ measured previously in a non-BZO crystal [14] is shown as x.
Based on the higher sensitivity in the present experiment, we now conclude that tan & does
not lie on the extrapolated curve for the electrical Hall angle tan 6,.]

Beyond the weak-field regime, we need a microscopic description of the qp thermal Hall
current to properly understand kg, vs. H. However, because the theoretical situation is
unsettled, we will adopt the scaling arguments of Simon and Lee [21]. This approach reveals

some rather striking features in the data.



Close to the node, the linear energy dispersion E = hitg (¥ is an average velocity) implies
a general relation between kgT' and the magnetic length £ at a characteristic field scale By,
viz.

B,
kpT = ho eh . (3)

In addition to this general relation, Simon and Lee [21] have proposed that, at low T

(<30 K for YBCO), the magnitude of s, should scale as
Koy (H, T) ~ T?Fp(VH T, (4)

where o« = kp/ oveh, and Fry(u) is a scaling function of the dimensionless parameter u =
VvH /T (Simon and Lee write the argument of Fy, as z = 1/u). Hence, plots of ,,/T?
versus v H /T should collapse to the universal curve Fy,(u).

We proceed to plot our results in this way in Fig. 3. While the curves above 28 K are
spread out, the ones below collapse onto a common curve for H < Hp.,. Hence, below
28 K, the data rapidly converge to the scaling form in Eq. 4. Collectively, they determine
experimentally the form of Fy,(u). Its most notable feature is the nominally straight segment
that extends from u ~ 0 to just below ug = v Hpaz/aT, ie. Fpylu) ~ u for 0 < u < up.
This simple form for F,, implies that, below 25 K and for H < Hp,oz, K4y reduces to the

form
kay(H, T) = CoTVH, (5)

where the constant Cy = 1.51 x 1072 in SI units. Remarkably, when Eq. 5 applies, the
magnitude of &,y is just proportional to TV H, and is insensitive to all transport quantities
such as £ and 6. This interesting result has not been anticipated theoretically.

At larger values of u, Fyy attains a maximum value F7, before falling slowly. The T
dependence of the peak value x7;** noted earlier in Fig. 1, is now seen to be a simple

consequence of scaling behavior (i.e. K* ~ T?Fy, ).
Above 28 K, scaling no longer holds. Three field regimes are now apparent. In weak

fields (0 < H < H,), Ky is strictly linear in H. Above H,, we enter a regime reminiscent
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of the v'H behavior at low-T (the H-linear regime is too small to resolve below 28 K).
This intermediate regime appears as straight-line segments in Fig. 3. F inally, closer to
Honog, Kgy deviates from v'H behavior, and goes through a broad maximum. Surprisingly,
as noted earlier, the weaker scaling relation in Eq. 3 continues to hold: Between 15 and 70
K, the maximum in xgy occurs at the same z-coordinate in Fig. 3, i.e. VHpaz = 0.042 T.
Substituting Hy,,, for B, in Eq. 3, we find that § ~ 8.0 x 10¢ cm/s, which is close to
the geometric-mean velocity /U705 ~ 6.8 x 10° cm/s (with vy = 1.78 x 107cm/s [10] and
vpfua ~ 7).

In the semiclassical approximation, an excitation on the particle branch of the Dirac
cone travels from points 1 to 2 in a time At = (A/eH) fZdsy | vi |~1, where s, is the arc
length (inset Fig. 2). Identifying At with 7, we solve for the field H,,, (the field at which

the gp just completes the path before it decays)

TF

Harc = .
EVAVST

(6)

Using the measured £ ~ v;7 at each T and setting E = kT, we indicate H,.. as arrows
in Fig. 3. This rough estimate shows that the peak is related to the maximum arc length
of the dominant energy contour on the Dirac cone. Hence, the Hall curves provide direct
information on gp behavior that are closely relevant to the current debate on how vortices
affect the qp spectrum. Gorkov and Schrieffer [4] propose that, at 2, the excitation con-
tinues into the hole branch. They find that the states are quantized into Landau levels.
One of us has proposed that Andreev reflection in fact occurs at the turning point 2, but
Landau quantization still occurs [5]. However, a detailed numerical calculation by Franz and
Tesanovic has not found evidence for Landau quantization [6]. Comparison of the present
results with microscopic calculations will stringently narrow the possibilities, and may well
be sufficient to settle the debate.

'The new results on «y, also sharpen the issues in a different debate regarding gp lifetimes.
Previously, evidence from terahertz [8] and heat transport [22,12] experiments showed that

the gp lifetime undergoes a steep increase just below T,. However, recent ARPES measure-
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ments in BiySraCaCu,Og (BSCCO) [10] show that the width Aw of the qp spectral function
smoothly continues its 1/T dependence through T, (Aw =~ 1/(ks£)). The present experi-
ment shows in effect that, with a step-wise improvement in sample purity, the rate of increase
in £ changes even more abruptly below 7, [Fig. 2(B)]. This exacerbates the disagreement
with ARPES. [In BSCCO, { is considerably shorter. Nonetheless, #,, also shows an abrupt
change in slope at T, [23].] The clear discrepancy between the transport and ARPES re-
sults suggests that the nature of the excitations in cuprates is poorly understood. From the
transport viewpoint, the carrier lifetimes are short above T because of intense scattering
of the carriers (likely from electron-electron processes). When long-range phase coherence
sets in at 7., the intense scattering decreases precipitously, leading to a steep increase in
excitation lifetimes (which is not observed in low-T, superconductors). The rapid increase
in £ below T, apparently does not translate into a discernible narrowing of the qp width in

ARPES. Understanding this discrepancy presents a strong challenge to theory.
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FIG. 1. The thermal Hall conductivity Key vs. H in BZO-grown YBayCuzOg.g9 (T, = 89 K)
at high temperatures (85 to 40 K in Panel A), and low temperatures (35 to 12.5 K in Panel B).
As T decreases below Ty, the initial slope ngy /B increases sharply. The prominent peak in kg
below 55 K is a new feature in BZO-grown YBCO. Panel C compares the zero-field x., = &, in

the BZO-grown crystal (solid circles) with a detwinned non-BZO grown crystal (open).
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FIG. 2. (A) The T dependence of the initial Hall slope mgy /B in BZO-grown YBCO (solid
circles). Between T, and 30 K, xJ, /B increases by 10%. The 1/T' dependence of 3, /B above T,
(measured in a non-BZO grown YCBO) is shown as open circles. The inset shows a qp energy
contour on the Dirac cone. Group velocities on the particle- (p} and hole-like (k) branches are
indicated. Panel B displays the zero-field mean-free-path £ extracted from the weak-field Hall
angle tan# (open circles), and from Eq. 2 {closed). The eguivalent values of 8/B are shown on
the right scale. The symbols (x) represent tan # measured in a non-BZO detwinned YBCOQ crystal
(Krishana et al. [14]). The expanded scale (dashed lines) highlights the steep increase below T..

To extract £, we used the values = 0.60, v; = 1.78 x 107 cm/s, and k; = 0.847 1.
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FIG. 3. Simon-Lee scaling plot of Kay/T? versus VH/T (Eq. 4). Below 28 K, the curves

collapse onto a ‘universal’ curve Fy,(u). Above 28 K, scaling is violated. However, the peaks still

occur at the same z-coordinate (vHpmaz/T' = 0.042). The arrows indicate the field scale H.

defined in Eq. 6.
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