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Planar Thermal Hall Effect from Phonons in Cuprates
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A surprising “planar” thermal Hall effect, whereby the field is parallel to the current, has recently been
observed in a few magnetic insulators; this effect has been attributed to exotic excitations such as Majorana
fermions or chiral magnons. Here, we investigate the possibility of a planar thermal Hall effect in three
different cuprate materials, in which the conventional thermal Hall conductivity k,, (with an out-of-plane field
perpendicular to the current) is dominated by either electrons or phonons. Our measurements show that the
planar k,, from electrons in cuprates is zero, as expected from the absence of a Lorentz force in the planar
configuration. By contrast, we observe a sizable planar k, in those samples where the thermal Hall response is
due to phonons, even though it should, in principle, be forbidden by the high crystal symmetry. Our findings
call for a careful reexamination of the mechanisms responsible for the phonon thermal Hall effect in insulators.
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I. INTRODUCTION

The conventional thermal Hall effect describes the
appearance of a transverse temperature gradient along
the y direction when a heat current J is applied along
the x direction and a magnetic field H is applied along the z
direction. The thermal Hall effect has become a powerful
technique to probe neutral excitations in various quantum
materials. It has been shown both theoretically and
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experimentally that neutral excitations—such as magnons
[1,2], phonons [3—11], or even more exotic quasiparticles
like Majorana fermions [12,13]—are able to generate a
conventional thermal Hall effect.

Recently, the thermal Hall effect measured in a “planar”
configuration, i.e., by applying the field inside the xy plane of
the sample [as shown in Figs. 1(b) and 1(c)], has been studied
in two Kitaev magnets. The first planar thermal Hall effect
was observed in the Kitaev candidate material a-RuCls,
where there is still a debate on the existence of a half-
quantized thermal Hall conductivity k,, and on whether the
Kyy signal comes from Majorana fermions [14] or chiral
magnons [15-17]. A planar thermal Hall effect was also
observed in the Kitaev candidate material Na,Co,TeOg [18],
where the signal was attributed to chiral magnons.

It has been argued that phonons may in fact be
responsible for generating the conventional x,, measured
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Schematic of the thermal transport measurement setup. (a) Conventional configuration: H || z. (b) Planar-parallel

configuration: H || x. (c) Planar-perpendicular configuration: H ||y (see Sec. II). Directions of both the thermal current J and external
magnetic field H are shown with colored arrows. Panel (a) is the configuration for measuring the conventional k. Panels (b) and (c) are

for planar xyq.

in a-RuCl; and Na,Co,TeOg [19-21]. The question then is
whether phonons can also produce a planar k,,. Here, we
address this question by studying the planar x,, in another
family of materials, the cuprates, where the conventional
thermal Hall effect has been extensively studied
[3-5,7,22]. We report data on the planar Kyy in three
different cuprates where the conventional k,, is dominated
by either electrons or phonons. The first is YBa,Cu30,
(YBCO), a superconductor where the conventional k,, is
dominated by electrons [22,23]. We find that the planar x,,
is zero, as expected due to the absence of Lorentz force in a
planar-parallel configuration where H||J [Fig. 1(b)].

The second material is Nd,_,Ce,CuO, (NCCO), an
insulator at low doping where the conventional x, is
entirely caused by phonons [7]. Surprisingly, we find a
nonzero planar ky, with a configuration of H|J||a of
comparable magnitude to the conventional kyy.

The  third cuprate is the  superconductor
La,_,_,Eu,Sr,CuO, (Eu-LSCO) at dopings p =0.21
and 0.24, located on either side of the critical doping
p* = 0.23. It has been shown that a phononic conventional
Kyy Only exists inside the pseudogap phase, i.e., when p <
p* [3.4]. We find that the planar k,, is zero at p = 0.24,
where the conventional k., only comes from electrons.
However, the planar k,, is nonzero at p = 0.21, where the
conventional k,, comes from both electrons and phonons.
The comparison between Eu-LSCO p = 0.21 and 0.24
indicates that the nonzero planar k., in p =0.21 is
contributed by phonons.

All three cuprates have high crystal symmetries, with
YBCO being orthorhombic, and NCCO and Eu-LSCO
being tetragonal within the temperature range of the
measurement, i.e., below 110 K. In theory, a planar
is not allowed in any of the systems measured here due to
their high crystal symmetry [24]. Nevertheless, we observe
a sizable planar k,, coming from phonons, which clearly
violates the symmetry requirements. Our results impose a
reexamination of the mechanisms responsible for the
phonon thermal Hall effect in insulators.

Xy

II. METHODS

A. Samples

Our detwinned single crystal of YBa,Cu30, with y =
6.54 was grown at the University of British Columbia by a
flux method, as described in Ref. [25]. The hole-doping
level p = 0.11 is obtained from a superconducting tran-
sition temperature 7. = 60.5 K. Our single crystal of
Nd,_,Ce, CuO, with x =0.04 was grown at Stanford
University by the traveling-solvent floating-zone method
in O,. Single crystals of La,_,_,Eu,Sr,CuO, were grown at
the University of Tokyo by the traveling-float-zone tech-
nique, with a Eu concentration of y = 0.2 and nominal Sr
concentration of x = 0.21 and 0.24. The hole concentration
is given by p =x, with an error bar of +0.005. The
superconducting transition temperature 7., defined by the
zero resistance temperature, is 14 K for Eu-LSCO x = 0.21
and 9 K for Eu-LSCO x = 0.24. The critical doping level
where the pseudogap phase ends in Eu-LSCO is at p* =
0.23 [26]. A field of 15 T is sufficient to entirely suppress
superconductivity in both samples [26].

For the thermal transport measurements, crystals were
cut and polished into rectangular platelets with the longest
edge along the crystal a axis. Gold contacts were diffused
onto the YBCO p = 0.11 sample. For NCCO x = 0.04,
Eu-LSCO x = 0.21 and 0.24, contacts were made using
silver epoxy, diffused at 500 °C under constant oxygen flow
for 1 h. The dimensions (length between contacts L X
width w x thickness 7, in pm) of all the measured samples
are listed in Table I.

B. Thermal transport measurements

The thermal conductivity k,, and thermal Hall conduc-
tivity «,, are measured by applying a heat current J along
the x axis of the sample (longest direction) and a magnetic
field H either perpendicular to J [H||z in Fig. 1(a); H||y in
Fig. 1(c)] or parallel to J [H||x, Fig. 1(b)]. Note that H||z
measures the so-called “conventional” thermal Hall effect,
while H ||y and H||x measure the so-called “planar” thermal
Hall effect. The heat current J generates a longitudinal
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TABLE I. Sample information including the doping level and
dimensions of the contacts (Ilength between contacts L x width w
x thickness ¢, in pm).

Material Doping L (um) w (pm) ¢ (um)
YBa,Cu;0, p =0.11 478 784 37
Nd,_,Ce,CuOy, x =0.04 1209 1232 149
La,_,_,BEu,Sr,CuO, p =021 652 553 127
La,_,_,Eu,Sr,CuO, p=0.24 534 476 168

temperature difference AT, = T+ — T~ along the x direc-
tion. The thermal conductivity «, is defined by

J L
— =), 1
= 5 (wt> (1)

where w is the sample width, ¢ its thickness, and L the
distance between T and 7T—. When a magnetic field is
applied along either the x, y, or z direction, a transverse
temperature difference AT, can be measured along the y
axis. The thermal Hall conductivity ky is then given by

.

In a tetragonal system, such as NCCO and Eu-LSCO, we
can take ky, = Ky at H = 0 T. However, with a magnetic
field applied in the xy plane, the rotational symmetry is
broken even for tetragonal structures. As shown in Eq. (2),
to calculate «,, with H||x, we need to use ,, measured with
H||x, instead of using k,, measured with H||y. This method
requires another sample with the geometry and configura-
tion of J|| y prepared separately (more details can be found
in Ref. [24]); then, ky, can be calculated accordingly. In this
study, for NCCO and Eu-LSCO, we use Kyy measured with
H||y in the same sample to approximate the x,, measured
with H||x that is supposed to be taken in a separate sample.
The resulting error on the true k,, value can be estimated
to be less than 8% based on the value of «,,, with different
in-plane field directions as shown in Fig. 3(b). In
an orthorhombic system like YBCO, Kyy is measured
in a separate sample with the heat current along the
y direction [22].

Both thermal conductivity k,, and thermal Hall conduc-
tivity ky, are measured with a steady-state method. The
thermal gradient along the sample is provided by a resistive
heater connected to one end of the sample. The other end of
the sample is glued to a heat sink with silver paint. The
longitudinal and transverse temperature differences AT,
and AT are measured using type-E thermocouples. All the
measurements are carried out in a standard variable temper-
ature insert (VTI) system up to 15 T.

The measurement procedure is the following: A mag-
netic field of +H is applied at 7 = 90 K; then, the sample

is cooled down with the +H field to the base temperature
(around 2-3 K). The + H data are taken by changing the
temperature in discrete steps at a fixed magnetic field
during the warm-up process. After the +H data are taken, a
magnetic field of —H is applied at the same temperature of
T =90 K; then, the sample is cooled with the —H field
down to base temperature. The —H data are taken by the
same method during the warm-up process. During the
measurement, after the temperature is stabilized at each
step, the background of the thermocouple is eliminated by
subtracting the heater-off value from the heater-on value.
The contamination from «,, in k, due to contact misalign-
ment is removed by field antisymmetrization of the trans-
verse temperature difference AT. In other words, AT is
measured with both positive and negative magnetic fields
in the same conditions; then, k,, is calculated using the
field antisymmetrized AT, i.e., AT (H) = [AT (T, H)-
AT,(T,—H)]/2. The misalignment angle between the
sample and the external magnetic field is within 1 to
2 degrees. We have tested different measurement proce-
dures, i.e., temperature steps at fixed fields vs field steps at
fixed temperatures, and found that they produce equivalent
results [27]. More details regarding the technique can be
found in Refs. [4,5,22].

In a planar configuration, there is no convention for the
sign of the Hall signal, unlike in the case of the conven-
tional thermal Hall effect. To define a sign for AT, we need
to know whether the left side of the sample is hotter or
colder than the right side. In the conventional configuration
(H||z), left and right can be defined (as with the Lorentz
force). However, in the case where H||J, it is not possible to
define left and right since the plane of the sample is parallel
to the CuO, planes of the crystal, which is a mirror plane.
Thus, in our figures, the planar thermal Hall data are
presented in their absolute value, [ky,| or —[ky|, for
convenience of comparison. The point here is to compare
the absolute value of the planar Hall effect to that of the
conventional Hall effect.

III. RESULTS

A. YBCO p=0.11

First, we measured the planar k,, in YBCO p = 0.11,
which is an underdoped cuprate superconductor with 7. =
60.5 K [see Fig. 2(a)]. The conventional thermal Hall
conductivity k., measured in one sample with a configu-
ration of J||b, H||c at H=1T is plotted in Fig. 2(b)
(blue circles) and the ratio [k, /ky,| in Fig. 2(c). The huge
increase in k, below 7. comes from an enhancement of the
electronic mean free path due to the loss of inelastic
scattering as electrons condense into Cooper pairs, in
clean crystals where the elastic scattering due to disorder
is very small [23]. The «,, signal in this conventional
configuration (H||c) is completely dominated by electrons
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FIG. 2. (a) Schematic temperature-doping phase diagram of the hole-doped cuprate YBCO. The antiferromagnetic (AF) phase is

delineated by the Néel temperature 7'y (green line). The superconducting phase (SC) is bounded by the zero-field critical temperature 7,
(blue line). The pseudogap (PG) phase is bounded by the critical temperature 7* (red line) and critical doping p* = 0.19 (red diamond).
The black arrow marks the doping level of the sample measured in this study (p = 0.11). Panel (a) is replotted from Fig. 1(a) in
Ref. [28]. (b) Thermal Hall conductivity and (c) thermal Hall angle for YBCO p = 0.11 measured at H = 1 T, plotted as x, vs T"and
Kyy/Kxx Vs T. The blue circles show k,, measured in the conventional configuration of J||b, H||c; its sign obeys the usual convention.
The red circles show k,, measured in the planar configuration of H/||J||a plotted as its absolute value |k, |. Compared to the large

conventional x,, signal, the planar k, is zero at the same field. Lines are a guide to the eye.

(more specifically, d-wave quasiparticles), and these elec-
trons respond to the Lorentz force (given that H.LJ).

In a second sample cut from the same mother YBCO
crystal, we performed the same measurement of x,, but
with the field applied parallel to the current (H|J||a).
The data measured also at H = 1 T are shown in Fig. 2(b)
and 2(c) (red circles). We see that k,, = 0, as expected since
there is no Lorentz force acting on the electrons (given that
H||J). Thus, electrons indeed do not generate a planar-
parallel Hall effect, at least in this orthorhombic cuprate.
This measurement also demonstrates that our method for
detecting a planar k,, is reliable to a high accuracy.

B. NCCO x=0.04

Next, we turn to the AF insulating cuprate NCCO at a
doping x = 0.04 [Fig. 3(a)], where a large conventional k,
contributed by phonons was reported before [7]. The conven-
tional x,, in NCCO x = 0.04 is attributed to phonons for the
following reasons. First, electronic conduction is negligible
in this nearly insulating sample. Second, k(7’) displays a
temperature dependence that closely mimics that of the
phonon-dominated «,, (7). Third, when applying the heat
current along the ¢ axis (and magnetic field along the a axis),
the thermal Hall angle x,,/x,, shows a comparable magni-
tude to Ky /Kxy, 1.€., on the order of about 1%. When the heat
current is applied perpendicular to the CuO, plane (along the
¢ axis), the only heat carriers that can propagate along the ¢
axis are phonons since magnons are confined inside the
CuO;, planes. Thus, the c-axis thermal Hall conductivity «,,
is purely contributed by phonons. A similar thermal Hall
angle between k,, and k,, indicates that «,, is also contrib-
uted by phonons.

The temperature-dependent thermal conductivity &y,
measured with J||a at H = 15 T for three different field
directions is plotted in Fig. 3(b). Note that k., shows a strong
dependence on the field direction, as has been observed in the
mother compound Nd,CuQO, [29]. As shown in Fig. 3(c), the
conventional iy, taken with J||a, H||c at H = 15 T (blue
curve) shows a temperature-dependent negative signal,
which is the typical behavior of the phononic k,, observed
in both hole-doped and electron-doped cuprates [3,4,7]. The
planar k,, measured in the same sample with a configuration
of H||J||a (red curve) and J||a, H||b (green curve) is shown
in Fig. 3(c). The planar-parallel k,, taken with H|J||a at
H = 15T (red curve) is nonzero and shows a comparable
magnitude to the conventional k. For a field in the plane but
perpendicular to the current (H|| b), a nonzero planar-
perpendicular k,, signal is also observed [green curve in
Fig. 3(c)]. The planar k,, measured in both configurations not
only follows the same temperature dependence as the x,,
signal taken simultaneously but also peaks at the same
temperature as ky,. This concomitant behavior between
Kyy and Ky, confirms a phononic origin for the planar x,
in NCCO x = 0.04. The corresponding thermal Hall angle
Kyy/Kxx measured with three different field directions is
plotted in Fig. 3(d).

C. Eu-LSCO p=0.21 and 0.24

After studying the planar «,, in materials where the
conventional k,y is either dominated by electrons (YBCO
p = 0.11) or by phonons (NCCO x = 0.04), we turn to the
third cuprate material, Eu-LSCO, where the phononic
conventional k,, can be switched on and off by changing
the doping level. It was shown in a previous study [3.4] that
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FIG. 3.

(a) Schematic temperature-doping phase diagram of the electron-doped cuprate NCCO. The AF phase is delineated by the

Néel temperature Ty (green line). The superconducting (SC) phase is bounded by the zero-field critical temperature 7'. (blue line).
The black arrows mark the doping levels of the samples measured in this study, x = 0.04 and 0.11. The x = 0.11 data are presented in
the Appendix. Panel (a) is replotted from Fig. 1 in Ref. [7]. (b) Thermal conductivity, (c) thermal Hall conductivity, and (d) thermal Hall
angle for NCCO x = 0.04 measured at H = 15 T, and plotted as ky vs T, ky, Vs T, and Ky /Ky vs T. Note that k,, and k,, measured in
the conventional configuration of J||a, H||c (blue) are taken from Ref. [7], and x,, and k,, measured in the planar configuration of
H|J||a (J||a, H||b) are plotted as xy, and —|k.y | and marked in red (green). The magnitude of the planar-parallel k., (H|J||a) is
comparable to the conventional ky,. Lines are a guide to the eye.

the conventional k,, in the hole-doped cuprates Nd-LSCO
and Eu-LSCO comes from both electrons and phonons inside
the pseudogap phase, while it only comes from electrons
when the doping level exceeds the pseudogap critical doping
p*. The phononic origin of the conventional k,, in Eu-LSCO
and Nd-LSCO inside the pseudogap phase is established in
the following way. When applying the heat current along the
c axis (and magnetic field along the a axis), k,, is zero at
p = 0.24 while k,, shows a large negative signal at p = 0.21
[4]. Since magnons are highly confined inside the CuO,
planes and the electron contribution to k,, is negligible
according to the Wiedemann-Franz Law, k,, is only con-
tributed by phonons. These sets of experiments indicate that
the conventional k,, is purely contributed by phonons and
only nonzero inside the pseudogap phase. When looking
back at k,,, the nonzero conventional xy, signal at p = 0.24
comes only from electrons [Fig. 4(b); blue curve], while at
p = 0.21 it is dominated by the positive electronic contri-
bution at high temperature and the negative phononic
contribution at low temperature [Fig. 4(c); blue curve].
The two Eu-LSCO samples measured in this study are

p = 0.21 and p = 0.24, respectively located on each side

of p* =0.23 [Fig. 4(a)]. In Eu-LSCO p =0.24, the
conventional k,, taken with J|ja, H|lc at H=15T is
plotted as the blue curve in Fig. 4(b), which is positive and
only contributed by electrons. The planar k,, measured in
the same sample with H||J|la shows a zero signal (red
curve). This result again shows that in a material where the
conventional k,, comes only from electrons, the planar
signal is zero, in agreement with what we found in YBCO
p = 0.11. In this tetragonal cuprate, there is no planar-
parallel k signal. This second measurement also confirms
that our method for detecting a planar k,, is reliable, this
time in a field as large as 15 T.

In Eu-LSCO p = 0.21, the conventional Kyy taken with
J||la, H||c at H=15T is plotted as the blue curve in
Fig. 4(c). We see that it is dominated by the positive
electronic y, at high temperature and the negative phononic
Kyy at low temperature. The planar k,, measured in the same
sample with H||J|[a shows a nonzero signal (red curve),
which grows upon cooling in tandem with the emergence of
the phononic conventional Kxy- We conclude that, in this
tetragonal cuprate, a planar-parallel k,, signal appears, and it
is associated with phonons.

041011-5



LU CHEN et al.

PHYS. REV. X 14, 041011 (2024)

a
( ) 100 (b) 25 T T T (C) 0.3 T T T T
. Eu-LSCO ~ o0
801 T g 20r p=024 - e 00R—--%
IV Jia T 03l Hila(x2)
- =< H=15T <
< 604 13 st >
~ E g 06r ]
401 1 < 1or = ool Eu-LSCO
% 2 P
20 — ] 05} ¥ 121 JIla
o H=15T
X
0 T \ G 0.0 Lt L L 15 1 L 1 L
0.12 0.18 0.24 0.30 0 20 60 80 100 0 20 40 60 80 100
p p* T (K) T(K)
FIG. 4. (a) Schematic temperature-doping phase diagram of the hole-doped cuprate Eu-LSCO. The superconducting (SC) phase is

bounded by the zero-field critical temperature 7. (blue line). The pseudogap phase (PG) is bounded by the critical temperature T* (red
line), which ends at the critical doping p* = 0.23 (red diamond). The black arrows mark the doping levels of the two Eu-LSCO samples
measured in this study, at p = 0.21 and 0.24. Panel (a) is replotted from Fig. 2(a) in Ref. [4]. Thermal Hall conductivity for Eu-LSCO at
(b) p = 0.24 and (c) p = 0.21, measured at H = 15 T, plotted as «,, /7 vs T. Note that x,, measured in the conventional configuration
of J||la, H||c (blue) is taken from Ref. [3]. The conventional x,, contains both a positive electron contribution and a negative phonon
contribution at p = 0.21 while it is purely contributed by electrons at p = 0.24, outside the pseudogap phase [4]. Here, k,, measured in
the planar-parallel configuration of H||J||a is plotted as its absolute value |kyy| for p = 0.24 [panel (b)] and as —|ky | for p = 0.21 [panel
(c)], minus sign for convenience, both marked in red. The planar «,, is zero at p = 0.24, where only electrons generate a Hall response,
whereas it is nonzero at p = 0.21, when phonons contribute. Lines are a guide to the eye.

IV. DISCUSSION

Our results in YBCO p =0.11 at H=1T and Eu-
LSCO p=024 at H=15T show that the planar x,
coming from electrons is zero in cuprates, as expected since
electrons feel zero Lorentz force when the magnetic field is
parallel to the heat current (H||J). These two sets of
experiments also establish that our measurement procedure
is reliable; i.e., field antisymmetrization on ATy between
+H and —H runs gives the expected result.

Our results in NCCO x = 0.04 and Eu-LSCO p = 0.21
clearly show that phonons are able to generate a sizable
planar thermal Hall signal. The question is how to reconcile
our results with the symmetry requirements? Theories point
out that, in order to have a nonzero planar «,y, certain
symmetry requirements have to be fulfilled to make H||J
different from H|| — J [14,16,17,24]. However, we observe
a nonzero planar k,, in two tetragonal systems, NCCO and
Eu-LSCO (space group I4/mmm), which clearly violates
the symmetry requirements.

Our speculation is that a nonzero planar «,, signal could
potentially result from a locally broken symmetry due to
impurities, defects, or domains. A possible mechanism for
NCCO, an AF insulator with Ty ~ 200 K, is the scattering
of phonons by antiferromagnetic domains. This mechanism
is reminiscent of the nonmagnetic insulator SrTiO5, where
the conventional «,, was attributed to the scattering of
phonons by antiferrodistortive structural domains [6,30]. In
cuprates, disorder coming from dopants and oxygen
vacancies could also be the source of local symmetry
breaking [7]. This type of extrinsic mechanism could

potentially work for both conventional and planar configu-
rations of the phonon thermal Hall effect.

Our findings call for a reevaluation of the previously
reported results in the Kitaev candidate materials. In
a-RuCl3, a nonzero planar k,, was only observed with a
configuration of H||J||a but not with H||J||5 [31] due to the
fact that the C, rotational symmetry is preserved only along
the b axis and not along the a axis [14—17]. This explanation
is based on the symmetry properties of the monoclinic
structure in the C2/m space group. However, three different
low-temperature structures have been reported for a-RuCls:
monoclinic C2/m [32,33], trigonal P3;12 [34], and rhom-
bohedral R3 [35]. This controversy could potentially change
the symmetry argument for the planar k,, data. Furthermore,
the thermal transport properties have been reported to highly
depend on the stacking disorder in the samples, which results
from different growth techniques and handling processes
[36,37]. In Na,Co,TeOq (space group P6522), a nonzero
planar «,, has been observed along both the zigzag and
armchair directions [18], which are, in principle, both
forbidden since the crystal structure has C, rotational
symmetry along both directions. The observation of a planar
kyy in Na, Co, TeOg points to an extrinsic mechanism that can
locally break the symmetry.

Note that, in addition to cuprates, we have also observed
a phononic planar thermal Hall signal (comparable in
magnitude to the conventional thermal Hall signal) in
the Kitaev magnet Na,Co,TeOgy [38] and in the frustrated
antiferromagnetic insulator Y-kapellasite [39], thereby
further validating the existence of a planar thermal Hall
signal coming from phonons.
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Very recently, a planar thermal Hall signal was also
reported in three other insulators, SrTiO;5, SiO,, and black
phosphorous by Jin et al. [40] and Li et al. [41], where, in
all cases, it is attributed to phonons. These three insulators
have a high crystal symmetry for which a planar thermal
Hall effect should, in theory, be forbidden.

V. CONCLUSION

We report a systematic study of the planar thermal Hall
response in three cuprate materials. In orthorhombic YBCO
(at p =0.11), the large electronic k,, observed in the
conventional configuration (H ||c) disappears entirely when
the field is applied parallel to the current (H||a), as expected
in the absence of a Lorentz force when H||J. In tetragonal
Eu-LSCO at p =0.24, where the conventional , is
entirely electronic, we also find a zero Hall signal in the
planar configuration (H||J||a). In dramatic contrast, we
observe a planar Hall response that is as large as the
conventional Hall response in the tetragonal cuprate NCCO
(at x = 0.04), an insulator in which the Hall response is
entirely due to phonons. We conclude that phonons can
produce a planar thermal Hall effect even in materials
where it is forbidden by global symmetry. We propose that
the planar thermal Hall signal emerges from a local
symmetry breaking, presumably associated with impurities,
defects, or domains. Our work reveals an entirely new facet
of the phonon thermal Hall effect, namely, that it can also
occur in a planar configuration. This new observation
indicates that the direction of the external magnetic field
does not matter much in the case of the phonon k.
Whatever mechanism governs the phonon «, in a conven-
tional configuration should also be responsible for it in a
planar configuration. Our findings call for a complete
reexamination of the mechanism responsible for a phonon
thermal Hall effect in insulators and also a reevaluation of
the planar thermal Hall conductivity reported in Kitaev
candidate materials.
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APPENDIX: NCCO x=0.11

To explore the doping dependence of the planar thermal
Hall effect generated by phonons in cuprates, we investigated
the electron-doped cuprate Nd,_,Ce CuQO, at two dopings,
x =0.04 and x = 0.11, both inside the antiferromagnetic
ordered insulating phase [Fig. 3(a)]. In Fig. 5(b), we show the
thermal Hall conductivity k,, of Nd,_,Ce,CuO4 atx = 0.11,
taken in three different configurations. When comparing to
the data taken in Nd,_,Ce,CuQO, at x = 0.04 (Fig. 3), we see
that the conventional k,, (blue) is comparable at these
two doping levels, in both magnitude and 7 dependence.
However, the planar «,, is much smaller in the x = 0.11
sample, especially in the planar-parallel configuration (red).
This finding indicates that the planar «,, is either strongly
sample dependent or strongly doping dependent.

Ky (W Km )

0O 20 40 60 8 100
T(K)

FIG. 5.
plotted as ky, vs T, kyy vs T, and kyy /Ky vs T. Note that k,, and «

red (green). Lines are a guide to the eye.

T (K)

xy
taken from Ref. [7]; k, and x,, measured in the planar configuration of H||J||a (J

(a) Thermal conductivity, (b) thermal Hall conductivity, and (c) thermal Hall angle for NCCO x = 0.11 measuredat H = 15 T,
measured in the conventional configuration of J||a, H||c (blue) are

a, H||b) are plotted as Ky and —|ky| and marked in
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