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The thermal Hall conductivity of the trilayer cuprate HgBa,Ca,Cu;Og.s (Hg1223)—the superconductor with
the highest critical temperature 7, at ambient pressure—was measured at temperatures down to 2 K for three
dopings in the underdoped regime (p = 0.09, 0.10, 0.11). By combining a previously introduced simple model
and prior theoretical results, we derive a formula for the inverse mean free path, 1/¢, which allows us to estimate
the mean free path of d-wave quasiparticles in Hg1223 below 7. We find that 1/£ grows as T?, in agreement
with the theoretical expectation for a clean d-wave superconductor. Measurements were also conducted on the
single layer mercury-based cuprate HgBa,CuOg,; (Hg1201), revealing that the mean free path in this compound
is roughly half that of its three-layered counterpart at the same doping (p = 0.10). This observation is attributed
to the protective role of the outer planes in Hg1223, which results in a more pristine inner plane. We also report
data in an ultraclean crystal of YBa,Cu3O, (YBCO) with full oxygen content (p = 0.18), believed to be the
cleanest of any cuprate, and find that £ is not longer than in Hg1223.

DOLI: 10.1103/1gp5-h875

I. INTRODUCTION

The mean free path is a key property of electrons in metals.
The most useful and simplest way to estimate the electronic
mean free path ¢, is via the electrical resistivity p measured
in the normal state, without superconductivity. In particular,
the residual value at T — 0, py, yields the elastic mean free
path £, via the Drude formula

m* 1
bo=\— — ],
ne Tho

with £,9 = vpTy, Where vg is the Fermi velocity, t,o is the
scattering time at 7 — 0, m* is the effective mass, n is the
density of charge carriers, and e is the electron charge. The
mean free path £,9 and the scattering rate 1/t,y are quanti-
tative measures of the scattering of electrons on defects in a
sample in the normal state.

In d-wave superconductors, impurity scattering has a
strong impact on superconducting properties because it easily
breaks pairs. The strength of pair breaking is quantified by the
ratio % (with 7 the reduced Planck constant i/27w, kg the
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Boltzmann constant, and 7; the superconducting critical tem-
perature). A ratio approaching 1 is expected to produce visible
effects [1,2], such as a lower T, a lower superfluid density, and
a deviation from the universal thermal conductivity at 7 — 0
[3].

In cuprate superconductors, it has not been possible to
estimate the electron mean free path in most samples because
their robust superconductivity makes it difficult to measure p
down to low temperatures. Measurements in high magnetic
fields have provided some py values in samples that have a
relatively low upper critical field H,,, typically at dopings near
p =0.12 or above p >~ 0.2 [4]. For example, in overdoped
Tl,Ba;CuOgys (T12201) at p =0.29 (T, = 15 K, H2(0) =
15T), po =~ 6 u2 cm [5], and in overdoped Bi,; Sr,CaCu,Og. s
(Bi2212) at p=0.23 (T. =50 K, H»(0) =50 T), pp =
20 u2 cm [6]. But in neither of these materials do we have any
idea of py in samples near optimal doping, since H., >~ 150 T
at such dopings [4].

In cuprates with a lower H.p, resistivity measurements
in pulsed fields up to 60-90 T can yield values for p
in the T — 0 limit across the full doping range. In over-
doped La,_,Sr,CuO4 (LSCO) with p = 0.23-0.24 [7,8] and
Laj 6-xNdg 4Sr,CuO4 (Nd-LSCO) with p = 0.24 [9,10], this
typically gives pp ~ 20 uS2 cm. However, in the underdoped
regime, it is difficult to deduce a mean free path from the much

©2025 American Physical Society
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larger values of p in the T — 0 limit, e.g., po =~ 400 u2 cm
in LSCO at p ~ 0.13 [11], because we have little knowledge
of the Fermi surface in that doping range, where pseudogap,
spin glass phase, and charge order prevail and transform it
profoundly [12—14].

There is clearly a need for another way to measure the
electronic scattering rate and the mean free path in cuprates.
Two decades ago, Zhang et al. [15] proposed an approach
that has not been exploited much since. It is based on a mea-
surement of the thermal Hall conductivity «,, which can be
performed below T, in modest magnetic fields. The benefit of
employing k., as opposed to thermal conductivity «,, is that,
in Ky, phonons contribute significantly alongside electrons,
namely k., = kqp + kpn. By contrast, in k., the contribution
of phonons is negligible at low fields, allowing one to extract
the electronic mean free path. A simple model then yields
an estimate of ¢, the mean free path of quasiparticles in
the superconducting state. In ultraclean YBCO at p = 0.18,
Zhang et al. found that g >~ 1 ym at 7 — 0 and H — 0 [15].

However, this model requires a knowledge of the specific
heat of nodal quasiparticles. Concurrently, Vekhter et al. de-
veloped a theoretical formula for the specific heat of nodal
quasiparticles [16]. By substituting their formula into the
model proposed by Zhang et al. [15], one can derive an
expression for the electronic mean free path that requires
merely the thermal Hall conductivity «,, the average distance
between CuO, layers d, the Fermi wave vector kg and the
gap velocity va. v is the slope of the d-wave gap at the
node, which can either be measured by angle-resolved pho-
toemission spectroscopy (ARPES) [17,18] or accessed via the
thermal conductivity in the 7 — 0 limit [19-21].

In this article, we report measurements of «,, in three dif-
ferent cuprates: trilayer Hg1223 at p = 0.09, 0.10 and 0.11;
single-layer Hg1201 at p = 0.10; bilayer YBCO at p = 0.18.
In the superconducting state, we find that 1/¢; displays a
T3 dependence, as expected theoretically for a clean d-wave
superconductor [22-25]. We obtain the residual value of the
mean free path, €5 at T — 0, for each sample, allowing us to
compare amongst cuprates. We find that our Hg1223 samples
are as clean as the cleanest YBCO samples.

II. METHODS

A. Samples

High-quality single crystals of Hg1223 with dopings p =
0.09, p =0.10, and p = 0.11 were grown using the self-flux
technique [26]. Doping levels were determined using the em-
pirical relationship [27]

1 - Tc/Tc,max = 826(19 - 0-16)21

where 7. denotes the onset of the superconducting transi-
tion and T max, the critical temperature of optimally doped
Hg1223, is 135 K. The p = 0.09 sample had 7, = 78 K, the
p = 0.10 sample had 7. = 95 K, and the p = 0.11 sample had
T. =112 K.

A single high-purity crystal of underdoped Hgl1201 (p =
0.10, . =76 K) was measured, prepared as described in
[28,29]. The doping level was determined based on the 7.(p)
relationship for Hg1201 established in [30].

TABLE 1. Properties of the measured samples, including the
superconducting transition temperature 7;, hole doping level p, in-
terplane distance d, and mean free path £y at 7 — Oand B =0.5T.
The error bars on £y include uncertainty from approximation, fitting
and geometrical factors. Here, d represents the interplane distance,
withd = 5.3 A ord = 16 A for Hg1223, depending on whether it is
calculated as ¢/3 or c, respectively. The £, values for Hg1223 corre-
spond to the case d = ¢/3 (with all planes considered equivalent).

Compound T. (K) p d (A) Ly (A)

Hg1223 78 0.09 53o0r16 1180 £+ 170
Hg1223 95 0.10 53o0r16 1590 £ 230
Hgl1223 112 0.11 53o0r16 2760 £ 390
Hg1201 76 0.10 9.5 1040 £+ 150
YBCO 90.5 0.18 5.8 3530 £+ 500

Single crystals of YBCO with p = 0.18 were grown by
flux growth, as described in [31]. Our sample was a single
detwinned crystal with an oxygen content y = 6.998, corre-
sponding to 7, = 90.5 K.

All samples were prepared as rectangular platelets, with
gold sputtered contacts and subsequent silver paint applied for
electrical measurements. The typical dimensions of the sam-
ples are 300-1000 x 300 um, with a thickness of ~100 um.

The interplane distance d represents the average separation
between CuO, planes. For Hg1201,d = 9.5 A, corresponding
to the distance between CuO, planes. For YBCO, d = 5.8 A,
the average separation between CuO, planes in the unit cell.
In the case of Hg1223, there are two possible ways to define
d:d =°§ if we treat all three planes as equivalent, where ¢ =
15.86 A, or d = c if we consider only the distance between
the inner planes (see discussion below). The values of 7, and
d are given in Table I.

B. Thermal transport measurement

The measurement of thermal conductivity ky, involves ap-
plying a heat power Q, along the x axis of the sample, causing
a longitudinal temperature difference AT, = T+ — T ~. Equa-
tion (1) provides the expression for k,:

O (L
Kxx = A_Y}<E)’ (D

where w is the width of the sample, ¢ is its thickness, and L
is the distance between T* and T~. When a magnetic field is
applied along the z axis, a transverse temperature difference
AT, can develop along the y axis. Equation (2) defines the
thermal Hall conductivity «y:

AT, L

AT w
X

with «,, representing the thermal conductivity in the y di-
rection. This expression is an approximation that holds when
Kyy/Kkyex < 1, a condition that is satisfied for all our measure-
ments. In a tetragonal system such as Hg1223 and Hg1201, «,,
is equal to k.. The temperature differences AT, and AT, were

measured using type E thermocouples (chromel constantan)
in a steady-state method in a fixed magnetic field B. This

Kyy =

@)
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FIG. 1. Thermal conductivity of Hg1223. Longitudinal thermal conductivity «, and thermal Hall conductivity normalized by field «,/B
for Hg1223 (p = 0.09, 0.10, 0.11) as a function of temperature 7' in magnetic fields of 0 T (triangles), 0.5 T (squares), 1 T (pentagons), 3 T
(hexagons), and 15 T (circles), with darker shades indicating higher fields. Lines serve as guides to the eye, while markers represent the data
points. Panels (a)—(c) show «,,: (a) Hg1223 p = 0.09 (blue); (b) Hg1223 p = 0.10 (green); (c) Hg1223 p = 0.11 (red). Panels (d)—(f) show
k. /B. The arrows indicate the location of the superconducting transition.

choice was based on the weak-field dependence of type-E
thermocouples within the explored temperature and magnetic-
field range, offering a better sensitivity than resistive Cernox
sensors at high temperatures.

To measure «,, accurately, any contamination from ther-
mal conductivity k,, due to a slight misalignment of the
two opposite transverse contacts is eliminated by field an-
tisymmetrization. This involves calculating AT™(T, B) =
[AT(T, B) — AT,(T, —B)]/2, where ATyaS(T, B) represents
the antisymmetrized AT,(T, B). The heat current along the x
axis is generated by a strain gauge heater attached to one end
of the sample, and the other end connected to a copper block
using silver paint, serving as a heat sink.

For YBCO, which is orthorhombic, «y, was measured in
a separate sample with the heat current applied along the y
direction (corresponding to the crystallographic b axis) [32].
In this case, the thermal Hall conductivity k., was calcu-
lated using the measured «,, in combination with the method
described above.

For a more comprehensive discussion of the thermal
transport measurement technique, the reader is referred
to [32-37], where the measurements were carried out
using the same experimental methodology.

III. RESULTS

In Fig. 1, the thermal conductivity k,, and the thermal Hall
conductivity divided by the magnetic field ., /B are presented
for three Hg1223 samples at dopings p = 0.09, 0.10, and 0.11

for various magnetic fields (B =0, 0.5, 1, 3, and 15 T) from
3Kto 140 K.

The thermal conductivity «,, exhibits a prominent peak
upon entering the superconducting state at low fields in the
p = 0.10 and p = 0.11 samples (top panels). This peak results
from a sharp reduction in inelastic electron-electron scattering
as electrons condense into Cooper pairs, leading to a substan-
tial increase in the electronic mean free path [38]. In contrast,
the p = 0.09 sample shows a significantly reduced peak.

When elastic scattering dominates over inelastic scattering,
a peak in thermal conductivity is not expected in the super-
conducting state of a d-wave superconductor. The diminished
peak in the p = 0.09 sample [Fig. 1(a)] points to a larger ratio
of elastic to inelastic scattering. This is in part due to the lower
T, making inelastic scattering at the transition weaker than in
the samples with higher 7;. But it may also reflect a higher
level of disorder.

In the lower panels of Fig. 1, we see that the magnitude
of the peak in «,,/B differs between the samples despite
similar doping levels, where comparable electron densities
are expected. This difference likely arises from variations in
disorder, which we will quantify in the Discussion section.
The p =0.11 sample has the highest peak value, namely
kyy/B ~ 800 mW/(KmT) at B = 0.5 T, while the p = 0.09
sample shows a peak value of k,,/B ~ 100 mW/(KmT).

Figure 2 presents the thermal conductivity k,, and the
thermal Hall conductivity divided by the magnetic field «,, /B
for single-layer Hg1201 and bilayer YBCO at magnetic fields
B =0.5 and 3 T. For Hgl1201, the same fields as used for
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FIG. 2. Thermal conductivities in Hg1201 and YBCO. Longitudinal thermal conductivity «,, and transverse thermal conductivity normal-
ized by field k., /B for Hg1201 (p = 0.10) and YBCO (p = 0.18) as a function of temperature 7. For Hg1201, data are shown for magnetic
fields of O T (triangles), 0.5 T (squares), 1 T (pentagons), 3 T (hexagons), and 15 T (circles), with darker shades indicating higher fields. For
YBCO, data are presented for 0.5 T (squares) and 3 T (hexagons). Lines serve as guides to the eye, while markers represent the data points.
Panels (a)—(b) show «,.: (a) Hg1201 (p = 0.10, purple); (b) YBCO (p = 0.18, pink). Panels (c)—(d) show «,,/B. The arrows indicate the

location of the superconducting transition.

Hg1223 are included. The peak value of «,,/B in Hg1201 is
notably low compared to Hg1223, around 40 mW /(K mT).
This reduced conductivity is attributed to the higher disorder
in Hg1201, as it lacks the multilayer structure that provides
protection of the inner layer from impurities. In contrast,
YBCO—known to be the cleanest among cuprates—exhibits
a Ky, /B signal comparable to Hgl1223 at p = 0.11, approx-
imately 800 mW/(Km T). This similar magnitude strongly
suggests that Hg1223 is also exceptionally clean, with its in-
ner plane protected by the outer planes, minimizing disorder.

Figure 3 shows «y,/B measured in the lowest field for our
three Hg1223 samples. These data are used to extract the mean
free path of nodal quasiparticles, in the next section.

IV. DISCUSSION

The advantage of using thermal transport to estimate the
mean free path of electrons is that it can be measured in
the superconducting state, at low fields. However, to use the
thermal conductivity «, is challenging because phonons also
make a large contribution to k.. This is why we turn to the
thermal Hall conductivity «y,, which is typically dominated
by electrons at low fields.

Before turning to the interpretation of the mean free path
data, we first address the possible contribution of phonons to

the sizable thermal Hall response in our samples. Since 2020,
it has been established that phonons can generate a sizable

400

T/T,

FIG. 3. Thermal Hall conductivity k., as a function of reduced
temperature 7 /T, for Hg1223 at B=0.5 T: p = 0.09 (blue), p =
0.10 (green), and p = 0.11 (red). Lines serve as guides to the eye,
while markers represent the data points. These data are used to
extract the mean free path ¢, in Hg1223.
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thermal Hall response in both hole- and electron-doped
cuprates [33,37,39—41]. In all such materials studied to date—
including LSCO, Eu-LSCO, Nd-LSCO, Bi2201, NCCO, and
PCCO—the phonon thermal Hall conductivity is consistently
negative in sign.

Assuming the same sign applies to Hg1223, Hg1201, and
YBCO, the fact that we observe a positive ky, in all three com-
pounds strongly suggests that the signal is electronic in origin.
Furthermore, the magnitude of the thermal Hall conductivity
in our measurements far exceeds typical phonon values. For
instance, in LSCO (x = 0.06) at 50 K and 1 T, the phonon
Hall conductivity is about ky,/B ~ —2 mW/(KmT) [42],
whereas the signal in Hg1223 (Fig. 1) and YBCO [Fig. 2(d)]
is roughly two orders of magnitude larger, and about one order
of magnitude larger in Hg1201 [Fig. 2(c)]. This shows that the
phonon contribution to «y, is negligible in all samples studied
here, at least at low fields.

A. Model

The model from [15] is first presented to derive the thermal
mean free path from «,,, and then extended for a broader
application to any d-wave superconductor using the theo-
retical framework from [16]. In the weak magnetic field
regime (w7 < 1), where w. is the cyclotron frequency, the
Boltzmann transport formalism is valid. For this analysis, the
thermal mean free path is extracted at B = 0.5 T. This field
value represents a compromise: it is high enough to yield
a good signal-to-noise ratio while keeping w.t < 1, ensur-
ing the applicability of the theoretical framework. Moreover,
the assumption w.t <« 1 will be verified later to ensure the
self-consistency of this approach. Measuring «, at low fields
minimizes the phonon contribution, making the electronic
response the dominant factor (see above).

The essence of this model is the assumption that, in the
weak-field regime, the thermal Hall conductivity «,, is related
to the longitudinal thermal conductivity of the quasiparticles
kqp through the following relation:

14

— 3
nkFE% 3)

Kyy/Kgp = NW.T =

where £ = /li/eB is the magnetic length. The parameter n
accounts for the anisotropy of the scattering path length across
the Fermi surface [15]. However, due to limited knowledge
of n in the studied samples, we assume 1 = 1 for all three
cuprates under investigation: Hg1223, YBCO, and Hg1201.
Following Zhang et al. [15] we define the thermal conduc-
tivity of nodal quasiparticles in the superconducting state:

Kgp = CqpUrt/4, 4

where vp is the normal-state Fermi velocity in the nodal di-
rection and cg, is the specific heat of the nodal quasiparticles,
which varies quadratically with temperature:

cqp = ac T )

The prefactor o, was measured experimentally in YBCO
(p ~0.16) as o, = 0.064 mJ/K>mol [43]. Combining the
expressions for kyy,/kqp and kqp leads to the following equa-

YBCO
T B=05T |
— Integral
\5/ 200 | -
100 1 Approx.
0 1 Il
0 20 10 60 80 100

FIG. 4. Mean free path ¢ as a function of temperature 7 in
YBCO (p = 0.18), calculated using two different forms of the quasi-
particle specific heat cq,. The black markers represent £, extracted
using the integral form of ¢y, given in Eq. (63) of [16], while the pink
markers correspond to £ obtained with the approximate expression,
Eq. (7). Lines are a guide to the eye. The two methods show excellent
agreement for 7 > 30 K, with deviations remaining below 10% at
lower temperatures. The uncertainty associated with this deviation is
included in the error bar on the mean free path values we quote in the
text and in Table I.

tion for the mean free path £, derived in [15]:

K
=20, | <5E (6)
CqpUFT]

In addition to kg and v, this formula requires knowledge
of the specific heat coefficient o, which is not often acces-
sible. To address the practical limitations in accessing this
parameter, we introduce an alternative formulation for £ that
depends instead on the gap velocity v, . This is achieved using
the theoretical expression for cqp of d-wave superconductors
[16]:

3
cop = 128kB§(3) T2, )
h*dmvpva

where ¢ is the Riemann zeta function. A comparison between
theoretical and experimental values of o, in YBCO shows
excellent agreement—the theoretical estimate is only 1.2 times
the measured value (using vg = 2.5 x 10° m/s and v, =
1.5 x 10* m/s [44]). This supports the use of the theoretical
form for analyzing Hg1223 and Hg1201, where experimental
values of «, are not available.

Equation (7) is valid under the condition Ey < T, where
En ~ 30+/B K/T'/? represents the Doppler shift energy scale
in d-wave superconductors [16]. For B= 0.5 T, Eg ~ 21 K,
making Eq. (7) applicable above this temperature.

To validate the T2 approximation for the quasiparticle spe-
cific heat [Eq. (7)], we compare in Fig. 4 the mean free path
£ obtained using two forms of «.: the full integral expression
from Eq. (63) of Ref. [16], valid across all temperatures and
fields, and the simplified form from Eq. (7) used in this work.
As expected, both approaches yield nearly identical results at
temperatures well above 21 K. At lower temperatures, where

014522-5
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the approximation breaks down, the deviation in £ is less than
10%; the associated uncertainty is included in the error bars of
the quoted values (see Table I).

Substituting Eq. (7) into Eq. (6) yields

2wk |vakedicy,
=1t . 8

Note that this expression is broadly applicable to supercon-
ductors for which a Boltzmann transport approach is deemed
valid, including multiband and three-dimensional cases, pro-
vided the Fermi surface and gap velocity are known.

B. Analysis

From Eq. (8), what we need is the value of kg and v,, in the
nodal direction (We assume 1 = 1.). This knowledge does not
exist for all materials and all dopings. Detailed ARPES studies
of the bilayer cuprate Bi2212 reveal that v, is constant and
equal to 1.5 x 10* m/s between p = 0.08 and p = 0.20 [18].
It is well known that the nodal wave vector varies only slightly
between p = 0.09 and p = 0.20, with values close to kg =
0.74 A~' [45]. ARPES data on Hg1201 yield similar values
of kr and vg [44].

A measurement of the zero-field thermal conductivity in
the T — O limit yields a residual linear term «k¢/7 which is
independent of disorder (i.e., universal) [19] and given only
by the ratio vg/va [20]. A prior measurement on YBCO p =
0.18 gave xo/T = 0.16 mW/K’cm [46], in excellent agree-
ment with the ARPES values for vg and v, in Bi2212, namely
vr = 2.5 x 10° m/s and va = vg/16 [17,18], as discussed in
[47]. We are therefore fully justified to use kp = 0.74 A-'and
va = 1.5 x 10* m/s in Eq. (8) for YBCO p = 0.18. Given
the weak doping dependence of these two parameters (even
in the presence of the pseudogap and charge order), we will
also use the same values of kg and vg for Hgl223 (p =
0.09, 0.10, 0.11).

Equation (8) was used to extract 1/£; from «y, for the
three Hg1223 samples at B=10.5 T (see Fig. 3), and the
results are plotted in Fig. 5. The inverse thermal mean free
path follows a cubic temperature dependence, consistent with
the expected behavior of the scattering rate (1/73 = vp/{s).
A fit to the function 1/¢; = a + bT> was performed for each
sample, where the parameter a represents the elastic scattering
of nodal quasiparticles on impurities, allowing the extraction
of the residual mean free path £y later in this work. The
coefficient b characterizes the strength of inelastic scattering
processes.

An intriguing feature in Fig. 5 is the significant difference
in slopes between the three dopings, corresponding to varia-
tions in b. The extracted values of b are 79, 11, and 16 (in units
of 1/mK?*) for Hgl223 samples with p = 0.09, p = 0.10,
and p = 0.11, respectively. Theoretical studies have predicted
a cubic temperature dependence of the nodal quasiparticle
scattering rate in clean d-wave superconductors [22-25], with
quasiparticle-quasiparticle interactions naturally giving rise to
this behavior via Fermi’s golden rule [22]. It has also been
shown that scattering of nodal quasiparticles by spin fluctua-
tions can lead to a T3 dependence [23-25].

The extensive theoretical literature supporting spin-
fluctuation scattering as the origin of the T3 dependence,

B=05T

0.0 0.2 0.4 0.6
T/T,

0 I 1

FIG. 5. Inverse mean free path 1/ as a function of temperature
T for Hgl223 at 0.5 T: p=0.09 (blue), p = 0.10 (green), and
p = 0.11 (red). Markers represent the data points, while the lines
correspond to T3 fits (a 4+ bT?). The residual value at T = 0 is given
by £y = 1/a, whose values are listed in Table 1.

combined with the fact that the sample closest to the anti-
ferromagnetic phase (p = 0.09) exhibits the highest b value,
suggests that spin fluctuations could be the primary mecha-
nism.

Rather than drawing a definitive conclusion, we present
these results as a foundation for future investigations into the
precise origin of the observed 73 dependence.

For Hg1223, the residual mean free paths in the supercon-
ducting state are £, = 1180 + 170 A, 1590 + 230 A, and
2760 + 390 A for p =0.09, 0.10, and 0.11, respectively.
These values of ¢y correspond to 1/a, where a is the pa-
rameter extracted from the cubic fit 1/£ = a + bT? applied
to the data in Fig. 5 described earlier. These values are sig-
nificantly higher than those typically observed in the normal
state of clean cuprates such as TI12201, where £, is roughly
500 A [48].

In Fig. 6, we compare the mean free path derived from
Eq. (8) for data on Hg1223 p = 0.11 and data on YBCO p =
0.18, using the same kg (0.74 A~") and v, (1.5 x 10* m/s).
The comparable values of £59 = 2760 £ 390 A for Hgl1223
and £y = 3530 £ 500 A for YBCO highlight the exceptional
cleanliness of Hgl223, as YBCO is the cleanest amongst
cuprates. Furthermore, the value of £40 = 2760 £ 390 A for
Hgl1223 at p=0.11 is significantly higher than that of
1040 4 150 A for Hg1201. This suggests that the mean free
path in the normal state of Hg1223 is likely much larger than
the 200 A reported for Hg1201 from the Dingle temperature
of quantum oscillations [49]. This observation is consistent
with reports of quantum oscillations in all three compounds
(YBCO, Hg1201, and Hg1223) [49-53].

When comparing the mean free path of Hg1223 with that of
the cleanest cuprate, fully oxygenated YBCO, the values are
similar [see Fig. 6(a)]. However, the residual mean free path
for Hg1223 represents a lower bound, as we assumed an equal
contribution from all three layers. This assumption directly
affects the value of the interplane separation d, which is
taken as d = 5.3 A when all three planes contribute. If only
one plane contributes, the interplane separation increases to
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FIG. 6. Mean free path ¢, as a function of reduced temperature
T/T. for Hg1223 (p = 0.11, red, circle) and YBCO (p = 0.18, blue,
square) at a magnetic field of 0.5 T. Markers represent the data points,
and lines serve as guides to the eye. (a) Assuming that the three
planes in Hg1223 contribute equally (d = c¢/3); (b) assuming that
only the inner plane contributes (d = c).

d =16 A, leading to a higher calculated mean free path
of £y ~ 4600 A compared to £y = 2760 A for d =5.3 A
[see Fig. 6(b)] This suggests that the true mean free path
of Hg1223 likely falls between these two extremes, indicat-
ing that its sample quality could exceed that of the cleanest
YBCO. Hg1223, being the strongest cuprate superconductor,
is also likely the cleanest.

To better understand the role of the outer layers in the
sample quality of Hg1223, we compare its mean free path with
that of its single-layered counterpart, Hg1201, both doped
with p = 0.10. The comparison shows that trilayered Hg1223
exhibits significantly higher sample quality than single-layer
Hgl1201 (see Fig. 7). Once again, the estimated mean free
path in Hg1223 represents a lower bound, highlighting the
protective effect of the outer layers on the inner plane.

To validate the self-consistency of our framework, we ver-
ify the hypothesis w.t <« 1 for the YBCO sample, which
has the highest residual mean free path, £5, = 3530 A. Using
the expression w.t = eBlyy/likp, we estimate w7 ~ 0.04 at
B = 0.5 T, confirming the self-consistency of our analysis.

FIG. 7. Mean free path ¢, as a function of reduced temperature
T/T. for Hg1223 (p = 0.10, green, circle) and Hg1201 (p = 0.10,
purple, square). Markers represent the data points, and lines serve
as guides to the eye. From Eq. (8) using the same values of kr and
va, and assuming that the three planes in Hg1223 contribute equally
d=c/3).

C. Field dependence

The mean free path ¢ of nodal quasiparticles in the super-
conducting state depends on magnetic field, for two reasons.
First, inelastic scattering grows with field, since the field
excites quasiparticles and hence electron-electron scattering.
Second, vortices can scatter heat carriers, including quasipar-
ticles. This is why in clean samples the upper critical field
H_.,—the field below which vortices form—can be detected
by measuring the thermal conductivity: «,, drops sharply as
H is reduced below H,,, at T ~ 0 [4]. In Fig. 8(a), we show
the field dependence of ¢ in the five samples investigated
here. The calculation uses the general, H- and T -dependent
expression for the specific heat from Ref. [16]. [Note that
using Eq. (8) instead makes little difference.] In two cases,
Hg1223 p = 0.10 and Hg1201, a continuous field sweep was
performed. In Hgl223 p = 0.10, £, exhibits a strong field
dependence, increasing from 160 nm at B = 0.5 T to approxi-
mately 280 nm at B — 0. A similarly strong H dependence
is observed in Hgl223 p =0.11 and YBCO. In contrast,
Hgl1201 shows a much weaker field dependence, with £ in-
creasing only slightly from 70 nm at B = 0.5 T to 90 nm at
B — 0, comparable to what is seen in Hg1223 p = 0.09.

This field dependence implies that an estimate of £ should
be taken in the B — 0 limit. But comparing different samples
or different cuprates, at a given finite field is nonetheless
reasonable.

In Fig. 8(b), we reproduce the data of Zhang et al. both
at B=0.5 T and at B — 0 [15]. We see that their data on
YBCO p = 0.18 are in excellent quantitative agreement with
ours, when both are taken at B = 0.5 T. We also see that the
T — 0 value is roughly twice as large at B — 0.

V. CONCLUSION

We have measured the thermal Hall conductivity of three
high-T;. cuprate superconductors, with a focus on the trilayer
material Hg1223. From our data, we extract the quasiparticle
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FIG. 8. (a) Mean free path ¢, as a function of magnetic field B at
T =27 K for YBCO (p = 0.18, brown), Hg1223 (p = 0.09, blue;
p = 0.10, green; p = 0.11, red), and Hgl201 (p = 0.10, purple).
The YBCO data at B=0.5 T are taken from Fig. 2 of [15]. For
Hg1201 (p = 0.10) and Hg1223 (p = 0.10), field sweeps of k, were
performed. For Hg1223 (p = 0.09) and (p = 0.11), £, was extracted
from temperature step measurements of «,, at B=0.5,1,and 3 T
(Fig. 1). The black line represents the intervortex distance, given
by 50/+/B nm [16]. The mean free path shown here is calculated
using the general, H- and T -dependent expression for the specific
heat from Ref. [16], except for the light green curve (p = 0.10)
where Eq. (8) was used to illustrate the difference between the two
approaches. (b) Mean free path £ as a function of temperature 7 for
YBCO (p = 0.18). The red curve corresponds to ¢ extracted from
our data at B = 0.5 T, while the brown curves represent the data from
[15] at B = 0.5 T (full circles) and in the B — O limit (open circles).

mean free path in the superconducting state via a simple
model. By comparing the results with YBCO and Hg1201, we
find that Hg1223 exhibits exceptional sample quality, poten-
tially surpassing even the cleanest YBCO, the gold standard
among cuprates. The trilayer structure of Hg1223 may play a
crucial role, with the outer layers protecting the inner plane
from disorder, resulting in a significantly higher mean free
path compared to single-layer Hg1201. This suggests that the
strongest cuprate superconductor, Hg1223, is also the clean-
est.

We observe a cubic temperature dependence in the inverse
mean free path, a behavior predicted for clean d-wave su-
perconductors. More work is needed to understand how the
strength of the inelastic scattering responsible for this T3
dependence varies with doping.
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