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Thermal Hall conductivity of electron-doped cuprates: Electrons and phonons
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It has recently become clear that phonons generate a sizable thermal Hall effect in cuprates, whether they
are undoped, electron-doped or hole-doped (inside the pseudogap phase). At higher doping, where cuprates
are reasonably good metals, mobile electrons also generate a thermal Hall effect, the thermal equivalent of
the standard electrical Hall effect. Here we show that in the cleanest crystals of the electron-doped cuprate
Nd,_,Ce,CuOQy, at high doping, the phonon and electron contributions to the thermal Hall conductivity k,, are
of comparable magnitude, but of opposite sign. In samples of lower quality, phonons dominate ky, resulting
in a negative k,, at all temperatures. The fact that the negative phononic «,, in the metallic state is similar
in magnitude and temperature dependence to that found in the insulating state at lower doping rules out any
mechanism based on skew scattering of phonons off charged impurities, since a local charge should be screened
in the metallic regime. The phononic «, is found to persist over the entire doping range where antiferromagnetic
correlations are known to be significant, suggesting that such correlations may play a role in generating the
phonon thermal Hall effect in electron-doped cuprates. If the same mechanism is also at play in hole-doped
cuprates, the presence of a phononic «,, below (and only below) the critical doping p* would be evidence that
spin correlations are a property of the pseudogap phase.

DOI: 10.1103/tyf9-thv8

I. INTRODUCTION

The discovery of a large negative thermal Hall conductivity
kxy in hole-doped cuprates [1], persisting down to zero doping
(p = 0), in the Mott insulating phase [2], revealed a fascinat-
ing facet of cuprate high-7. superconductors. This negative
kxy, now attributed to phonons [2,3], is a new experimental
signature of the enigmatic pseudogap phase of cuprates, as it
disappears above the critical doping p* that marks the end of
that phase. However, the microscopic mechanism that makes
phonons in cuprates acquire a handedness in a magnetic field
remains unknown. A number of theoretical proposals have
been made, including a coupling of phonons to magnons [4]
or spinons [5,6], to collective fluctuations [7], and to a state
of loop-current order with the appropriate symmetries [8], or
the scattering of phonons by impurities or defects [9—13]. It is
still unclear which of these mechanisms, if any, is appropriate
for cuprates.

A recent study of electron-doped cuprates [14] showed
that the negative thermal Hall conductivity in cuprates is
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also present on the other side of the phase diagram. As a
function of doping, the negative «xy signal is observed from
the insulating antiferromagnetic phase at x = 0 all the way
up to x = 0.17, in the metallic phase above optimal doping.
And here also, this negative k, was shown to be carried by
phonons.

In the metallic phase, electrons are also expected to gener-
ate a thermal Hall signal due to the Lorentz force. In this study,
we show that in our cleanest crystals of the electron-doped
cuprate Nd,_,Ce,CuO4(NCCO), electrons and phonons make
comparable contributions to the thermal Hall conductivity
in the metallic state at high doping, but with opposite sign.
The electronic contribution is positive, as expected from the
Wiedemann-Franz law and the known electrical Hall conduc-
tivity oyy. The negative phononic contribution is similar in
magnitude and temperature dependence to that found at lower
doping [14]. This shows that the phonon thermal Hall conduc-
tivity of cuprates is independent of whether the host material is
an insulator or a metal. This rules out any mechanism based on
the skew scattering of phonons off charged impurities, such as
oxygen vacancies, as these local charges should be screened
very effectively by mobile electrons in a highly conductive
metallic state.

To further characterize our samples, we sought to mea-
sure quantum oscillations. The presence of low-frequency

©2026 American Physical Society
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FIG. 1. Temperature-doping phase diagram of the electron-
doped cuprate NCCO. The antiferromagnetic phase (AF) is bounded
by the Néel temperature Ty(solid green line) and the superconducting
phase (SC) by the zero-field critical temperature 7.(blue squares)
[15]. The magnetic breakdown gap Ayp (red circles), obtained in a
prior study from quantum oscillations, is a measure of how strongly
the Fermi surface of NCCO is reconstructed [15]. The doping de-
pendence of App yields a critical doping x* = 0.175 (open red
circle) above which the Fermi surface is not reconstructed. The solid
blue line and red dashed line are guides to the eye. In our study,
we investigated two samples of NCCO with nominal concentration
x = 0.16 (red arrow) and one with x = 0.17 (blue arrow).

oscillations in our cleanest sample with x = 0.16 shows
that the Fermi surface is reconstructed at that doping, clear
evidence for the presence of significant antiferromagnetic cor-
relations even at such high doping. We speculate that these
correlations may play a role in generating the phonon thermal
Hall signal in electron-doped cuprates, and possibly also in
the pseudogap phase of hole-doped cuprates.

II. METHODS
A. Samples

Single crystals of Nd,_,Ce,CuO4 with nominal concen-
trations x = 0.16 (two samples) and x = 0.17 (one sample)
were grown by the traveling-solvent floating-zone method in
O, and annealed in flowing argon for 48 hours at 900 °C.
The three samples have a doping such that they lie in the
superconducting/metallic regime of the phase diagram (see
Fig. 1). The superconducting transition temperature in zero
field, defined by the onset of the drop in magnetization, is
T. = 23.5K and 20.0 K for x = 0.16 and 0.17, respectively.
For the transport measurements, crystals were cut into rect-
angular platelets with dimensions (length between contacts
x width x thickness, in um) 620 x 660 x 90 (x = 0.16,
sample 1), 1114 x 1080 x 185 (x = 0.16, sample 2), and
1000 x 1050 x 80 (x = 0.17). Contacts were made using sil-
ver epoxy, diffused at 500 °C under oxygen for 1 h. From the
same mother crystals, another pair of NCCO samples were
prepared, with x = 0.16 and x = 0.17, for the tunnel diode
oscillator measurements (see Sec. II C). The dimensions of

these samples (in um) are 730 x 220 x 100 (x = 0.16) and
440 x 300 x 50 (x = 0.17).

Note that it is difficult to achieve good enough electri-
cal contacts on NCCO crystals to perform a measurement
of the in-plane electrical resistivity p, that is free of c-axis
current contamination in this highly two-dimensional (2D)
material. For this reason, we have turned to measurements of
the thermal conductivity xyxx down to very low temperature
(50 mK) to access the residual resistivity pg of our sam-
ples via the Wiedemann-Franz (WF) law, «o/T = Lo/ po, with
Ly = (w/3)(kp/ e)?. Heat transport does not suffer from c-axis
contamination.

B. Thermal transport measurements

The thermal conductivity « is measured by applying a
heat current Jy along the x axis of the sample (longest direc-
tion), which generates a longitudinal temperature difference
ATy, = T+ — T~ . The thermal conductivity yy is given by

Jx L
= = (=), 1
Kxx ATX(U)Z> (1

where w is the sample width, ¢ is its thickness, and L is the dis-
tance between T and T~. When a magnetic field is applied
perpendicular to the heat current (H L Jy) (i.e., parallel to z),
a transverse temperature difference ATy can develop along the
y axis. The thermal Hall conductivity kyy is then given by

we()E) e
¥UWAATL  \w

after antisymmetrization, i.e,ATy(H) =[AT(T,+H) —
ATy (T, —H)]/2. Since NCCO is a tetragonal system, we
can take ky, = Kxx. The error bar on Kk, and «, is roughly
+15% for each, coming mostly from the uncertainty on
sample dimensions and geometric factors. The magnetic
field was applied perpendicular to the CuO, planes. A field
of H=15T is large enough to suppress superconductivity
down to T — 0 in all samples [16].

We use a steady-state method to measure both thermal
conductivity «xx and thermal Hall conductivity «xy. The data
are taken while changing temperature in discrete steps at a
fixed magnetic field. 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 copper block
with silver paint which acts as a heat sink. Below 3 K, the lon-
gitudinal temperature difference AT is measured in a dilution
refrigerator down to 50 mK, using two RuO, thermometers
calibrated in situ as a function of temperature and magnetic
field. The transverse temperature difference AT is measured
using two RuQO, thermometers connected to opposite sides
of the sample. Above 3 K, AT, and AT, are measured in
a standard variable temperature insert (VTI) system up to
100 K, using type-E thermocouples, known to have a weak
magnetic field dependence. More details of the technique can
be found in Refs. [2,3,17,18].

C. TDO measurements

Quantum oscillations were detected using a tunnel diode
oscillator (TDO) method in a magnetic field up to 85 T down
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to 1.8 K. The sample is placed on a compensated spiral coil
of a self-resonating LC circuit operating around 20 MHz. The
circuit is driven by a tunnel diode polarized in its negative
resistance region of the current-voltage characteristic. The
driving system (tunnel diode + tank capacitor) is separated
from the TDO coil by a 1.25-meter-long coaxial cable and the
magnetic field was applied perpendicular to the CuO, planes.

In a TDO measurement, variations in the electrical resis-
tance of the sample change the coil inductance through skin
depth [19] resulting in a shift in the TDO resonance frequency.
By measuring this shift, one can detect Shubnikov—de Haas
oscillations.

III. RESULTS

A. Thermal transport

In Fig. 2(a), we display the thermal Hall conductivity of our
two main samples, x = 0.16 (sample 1) and x = 0.17, plotted
as kyy/H vs T below 100 K (down to 3 K), for three different
magnetic fields H. At H = 15T, we find that «,y is negative at
all temperatures for the sample with x = 0.17 (blue squares),
whereas it is positive at all temperatures for the sample with
x = 0.16. The negative kyy is similar to that found at lower
doping [14], down to x = 0, and it is due to phonons. The
positive kyy is due to electrons, as we show below.

There is a contribution of phonons and electrons in both
samples, but the electronic contribution is much larger in
the sample with x = 0.16. This is confirmed by performing
measurements down to very low temperature. In Fig. 3(b),
we Teport our Ky data at H = 15T taken below 4 K, plotted
as kxy/T vs T. The fact that kv, /T is constant below 4 K
shows that it is entirely coming from transport by fermions,
i.e., electrons. Indeed, the contribution of phonons to «yy in
cuprates is negligible below 4 K [2]. We see that this (positive)
electronic contribution is 10 times larger in the sample with
x = 0.16, as reflected in the residual linear term obtained by
extrapolating kxy /T to T = 0 (dashed lines), namely K)?y /T =
175 £ 30 mW/K?m for x = 0.16 and 17.5 = 10 mW/K’m
for x = 0.17 [Fig. 3(b)].

The thermal Hall conductivity was also measured in NCCO
x = 0.16 sample 2, which is dirtier than sample 1. In Fig. 2(b),
we see that the overall k4, signal is more negative in sample
2 compared to sample 1, which indicates that the positive
electronic contribution is larger in a cleaner sample due to less
scattering of electrons by impurities.

We attribute the larger positive electronic contribution of
kxyin x = 0.16 sample 1 to the fact that this sample is cleaner
than the x = 0.17 sample. This can be verified by making a di-
rect comparison of their thermal conductivity data as T — O.
Figure 3(a) shows the longitudinal thermal conductivity, plot-
ted as kxx/T vs T, at low temperature down to 7 — 0. Since
both samples are in the metallic region of the phase diagram,
a residual linear term is expected. By applying a linear fit, we
obtain «o/T = 9.1 mW/K?cm for x = 0.16 and ko /T = 4.0
mW/ K2cm for x = 0.17 [Fig. 3(a), main panel, dashed line].
While this extrapolation of the x = 0.16 data is unambiguous,
yielding a large value of (/T , the extrapolation of the the
x = 0.17 data is less certain. The lower value of «y/T for
x = 0.17 which we obtain if we use the extrapolation shown

Ky ! H(MW/KmT)

—e— x=0.16, sample 1
—o—x=0.16, sample 2 |
—u—x=0.17

_08 L L L L
0

20 40 60 80 100
T (K)

FIG. 2. (a) Temperature dependence of the thermal Hall conduc-
tivity for NCCO x = 0.16, sample 1 (circles) and x = 0.17 (squares),
plotted as kv, /H vs T for fields H = 5T (green), 10 T (orange), and
15 T (blue). We observe two behaviors: the negative thermal Hall
conductivity of phonons (very clear in the sample with x = 0.17 and
also visible in the sample with x = 0.16) and the positive thermal
Hall conductivity of electrons (visible only in the sample with x =
0.16). (b) Thermal Hall conductivity of our three NCCO samples at
H = 15T, plotted as «yy, vs T. At x = 0.16, sample 1 is cleaner than
sample 2, resulting in a larger positive electronic contribution in the
former.

in the inset of Fig. 3(a) is consistent with the much smaller
value of k,/T observed in the x = 0.17 sample [Fig. 3(b)],
while a larger extrapolated value for «,,/T would not be.

Using the WF law, we get pp = 2.7 £ 0.1 uQ2 cm for x =
0.16 and pyp = 6.1 £ 0.1 u2 cm for x = 0.17; there is roughly
a factor of 2.3 between the two values of pg, which clearly
shows that the x = 0.16 sample is cleaner than the x = 0.17
sample.

As we can observe in Fig. 3, there is a rapid downturn
in both «xx and kxy below T~ 500 mK. A similar downturn
was observed in Pr,_,Ce,CuO4 (PCCO) at T ~ 300 mK [21],
which was attributed to the thermal decoupling between elec-
trons and phonons at low temperature [20]. The decoupling
temperature Ty is extracted by fitting the x4y /7 data to the
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FIG. 3. (a) Thermal conductivity of NCCO x = 0.16 (sample 1;
red dots) and x = 0.17 (blue squares) at H = 15T, plotted as kxx/T
vs T'. The dashed line is a linear fit to extract the residual term for x =
0.16 in the form ky /T = BT? + ko/T, with B = 0.03 mW/K*cm
and k2 /T = 9.1 £ 0.1 mW/K?cm. Inset: Thermal conductivity for
NCCO x = 0.16 (red) and x = 0.17 (blue) at H = 15T, plotted as
kxx/T vs T, below 1 K. In both samples, we observe a downturn in
kxx/T as T — 0, characteristic of electron-phonon decoupling [20].
The red solid line is a fit of the x = 0.16 data to Eq. (3), which gives
a decoupling temperature of T = 290 mK. The blue dotted line is
a linear fit to the x = 0.17 data that gives a residual linear term of
k2 /T = 4.0 £ 0.1 mW /K?cm for the x = 0.17 sample. (b) Thermal
Hall conductivity of NCCO for x = 0.16 (sample 1) and x = 0.17 at
H = 15T plotted as ky, /T vs T. We extract a residual linear term of
Kfy/T = 175420 mW/K?m for x = 0.16 and K,?y/T =175+£10
mW /K?m for x = 0.17 (dashed lines).

expression

kxx/T =« + BT?, 3)

U
in which «, B, r, n, and Ty are all fitting parameters [20].
In the inset of Fig. 3(a), the red solid line shows the thermal
decoupling fit of our x = 0.16 data to Eq. (3), which gives a
decoupling temperature of T3 = 290 mK.

Figure 4(a) shows the thermal conductivity of NCCO
at x = 0.16 plotted as «xx/T vs T, at H =15T for the
full temperature range. The data are a combination of the

—~
Q
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o

N
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kxx | T (MW /K% cm)
o )
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FIG. 4. (a) Thermal conductivity of NCCO at x = 0.16 (sample
1, red) plotted as «xx/T vs T at H = 15T. The dashed green line
is the electronic contribution obtained from the WF law (see text).
(b) Electronic part of the thermal Hall conductivity plotted as «y, /T
vs T for NCCO x = 0.16 (red) at H = 15T.For T > 4K, Ky (open
red circles) is obtained by subtracting the ky of the x = 0.17 sample
from the x = 0.16 data [Fig. 2(b)], assuming the phononic «,, is the
same in x = 0.16 and x = 0.17, and that the electronic contribution
to the x = 0.17 data is negligible. The dashed green line represents
an upper bound on the electronic contribution, set by Loy, from the
WF law. Lyoy,y is calculated by using a temperature-independent Hall
coefficient Ry and temperature-dependent o« (7") data of PCCO at
x = 0.17 [16], but adjusted for py = 2.7 u2cm. In order to match
the value of «f, /T = 175 + 20 mW/K?m at T — 0, we get a Hall
coefficient of Ry = 0.36 mm?/C, which is roughly half of the ex-
pected value (see text).

low temperature data (obtained in a dilution fridge, circles)
and the high temperature data (obtained in the VTI, trian-
gles). In the same figure, we also plot an estimate of the
maximal electronic contribution (dashed lines), calculated us-
ing the Wiedemann-Franz law: «{, /T = Looyx With oy =
oxx/ (P2 + pfy). For this estimate, we use the data of oy (T')
in PCCO at x = 0.17 published in Ref. [16], but with the
calculated value of py obtained from our thermal conductivity
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data. For py,(T'), we use the data of PCCO at x = 0.17 pub-
lished in Ref. [22], with px,(T') = Ry (T )H. Figure 4(a) gives
us an idea of the relative contribution of electrons and phonons
to kxx. The electronic part is equal to the green dashed line at
T — 0 and less than that at 7 > 0. The phonon part is at least
as large as the distance between the red curve and the green
dashed line.

In Fig. 4(b), we provide an estimate of the electronic ther-
mal Hall conductivity, ¢, at x = 0.16 (for sample 1), plotted
as kg, /T vs T, for H = 15T. The red dots at low temperature
are the raw data in Fig. 3(b), and they are essentially equal to
Ky, /T since phonons contribute very little below 4 K [2]. For
T > 4K, our estimate of K)fy /T 1is the red curve, obtained as
the difference between the raw data for x = 0.16 [sample 1;
Fig. 2(b), red dots] and the raw data for x = 0.17 [Fig. 2(b),
blue dots]. This assumes that x4y in the x = 0.17 sample is
entirely phononic and that the two samples have the same
phonon contribution. The first assumption is reasonable given
that k¢, is 10 times smaller in the x = 0.17 sample than in the
x = 0.16 sample No. 1 [Fig. 3(b)]. The second assumption
is not unreasonable given the data for the x = 0.16 sample
No. 2 in Fig. 2(b), which lie between the other two curves.
This is what you would expect for a constant negative phonon
background to which an increasing positive electronic term is
added.

Let us now compare our curve for g /T [red dots and
curve in Fig. 4(b)] to the electrical Hall conductivity oy. In
Fig. 4(b), we plot Looyy vs T as the green dashed line, obtained
from the definition oxy = pxy/ (pfX + pfy). Inthe T = 0 limit,
the Wiedemann-Franz law tells us that /T = Looxy. So we
impose that equality, and thus obtain the value of pxy = RuH
at T — 0, given that we know the value of p at T — 0,
namely pp = 2.7 umcm. We get a Hall coefficient equal to
Ry = 0.36 mm?/C. This is half the value that one must get
for an unreconstructed Fermi surface, namely Ry = V/(ne) =
0.7 mm? /C, where V is the volume per Cu atom, e is the elec-
tron charge and n = 1 — x is the carrier density contained in
the full Fermi surface at a doping x. The fact that we get a Hall
coefficient that is lower than that reference value is consistent
with the Fermi surface being reconstructed, i.e.,with x < x*
[22]; such Fermi-surface reconstruction in NCCO up to x*
has been confirmed by recent angle resolved photoemission
spectroscopy work [23].

B. Quantum oscillations

Separate evidence that the NCCO x = 0.16 sample 1 is
cleaner than the x = 0.17 sample comes from our quantum
oscillation data. By performing TDO measurements in iden-
tical conditions for both x = 0.16 (same growth as transport
sample 1) and x = 0.17 (same growth as transport sample)
up to 85 T, we were able to observe quantum oscillations in
the x = 0.16 sample but not in the x = 0.17 sample, which
suggests that the x = 0.16 sample is indeed cleaner than the
x = 0.17 sample, since the amplitude of quantum oscillations
is exponentially proportional to the electronic mean free path.

The quantum oscillation data taken in the x = 0.16 sam-
ple (after subtracting a smooth background) are shown in
Fig. 5(a). Two oscillatory components are visible: a low fre-
quency with ~2 periods between 50 T and 90 T, and a high
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FIG. 5. Quantum oscillation pattern observed by TDO measure-
ment. (a) The oscillatory part of the TDO signal after removing a
smooth background at 7 = 1.8 K. (b) Plot of TDO signal derivative
df /dB vs 1/B with locations of extrema marked; traces vertically
offset for visibility. Inset: 1/B vs index n of extrema; slope of linear
fit yields F; = 300 & 20 T. (c) Fast Fourier transform of data show-
ing the high-frequency peak at /, = 11300 &+ 100 T.

frequency clearly visible above 80 T. A determination of the
lower frequency is made by locating and indexing the peaks
and troughs in the derivative df /dB [Fig. 5(b)], with the slope
of a linear fit to 1/B vs n (inset) yielding F; = 300 £20T.
The high-frequency oscillations are readily separable from
signal background, and a discrete Fourier transform suffices
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for a reliable determination of their frequency F, = 11300 £+
100 T [Fig. 5(c)].

Below x* = 0.175 (Fig. 1), the Fermi surface of NCCO
undergoes a reconstruction due to the antiferromagnetic cor-
relations, which results in small electronlike and holelike
pockets [24]. The low frequency oscillations (F;) come from
the small hole pocket, while the high frequency (F3) can be
explained by either a remnant “gossamer” large Fermi sur-
face [25] or by the magnetic breakdown between the hole-
and electronlike pockets of the reconstructed Fermi surface
[15,26]. In either case, this high frequency F, effectively
corresponds to the area of an orbit around the large unrecon-
structed Fermi surface. Its value is given by F' = n®, where
the 2D carrier density is equal to n = 1 — x per Cu. Given
F = 11.3kT, we get x = 0.160 if we assume that the in-plane
lattice spacing has a value of 3.92 A. This value is within the
range of values quoted in the literature, namely 3.91 + 0.01 A
[27] and 3.95 4 0.01 A [28]. This frequency tells us that the
average radius of the roughly circular Fermi surface is given
by the Onsager relation F = ik /2e, from which we infer
kp = 0.586 £ 0.003 A",

From the Lifshitz-Kosevich theory, the temperature and
magnetic field dependence of the oscillation amplitude are
determined by the product of the thermal damping factor Ry
and the Dingle damping factor Rp, defined as

aTm*/m,
Rr = — , “4)
B sinh («Tm*/m,B)
Rp = exp [—aTpm*/m,.B], 5)

where the Dingle temperature Tp = /i/2mwkgt, the constant
o= 2n2kBme/eh = 14.69T/K, t is the scattering time, kg
is the Boltzmann constant, m™ is the effective carrier mass,
and m, is the bare electron mass. Equation (5) can also be
expressed in terms of the electronic mean free path £,: Rp =
exp[—mr./l.], where the cyclotron radius r, = m*vp /eB. We
can then fit the temperature dependence of the normalized
damping factor [Fig. 6(a)] to Eq. (4) to obtain an effec-
tive mass of m* = 3.20 £ 0.18 m, for the high frequency;
this allows us to extract the Fermi velocity vy = hikp /m* =
(2.12 £ 0.12) x 10° m/s. Figure 6(b) shows the field depen-
dence of the oscillation amplitude. A fit to Eq. (5) yields a
Dingle temperature of 7p = 14.4 £ 1.7K, corresponding to
a scattering lifetime v = (8.4 £ 1.0) x 10~'*s and a mean
free path £, = vpr =178 £ 14 A. Both the effective mass
and the Dingle temperature extracted here are consistent with
previous quantum oscillation results on NCCO at x = 0.15
[26,28].

IV. DISCUSSION

The main finding of this study is the positive thermal Hall
conductivity of our NCCO x = 0.16 sample No. 1, com-
pared to a large negative k, signal in the x = 0.17 sample
[Fig. 2(b)]. Knowing from a previous study [14] that the «yy
observed at x = 0.17 is dominated by phonons, we propose
two distinct contributions to «y, in NCCO at high doping
(x > 0.15): a positive contribution from electrons, and a neg-
ative contribution from phonons. That the electronic «yy is
larger in the x = 0.16 sample is simply due to the fact that
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FIG. 6. (a) The temperature dependence of the fast Fourier trans-
form amplitude for the high frequency oscillation (F,), normalized
in the 7' — O limit. Separate fits to Eq. (4) (solid lines) for data
collected during the increasing (red) and decreasing (blue) stages of
the field pulse yield effective masses of mj, . = 3.29 4+ 0.23 m, and
mj.. = 3.11 £0.28 m,, respectively; we use m* = 3.20 £0.18 m,
for subsequent analysis. (b) Dingle plot of the amplitude vs magnetic
field for the same oscillation at 7 = 1.5 K, giving a Dingle tempera-
ture 7p = 14.4 = 1.7 K. The dashed line is a fit to Eq. (5).

the x = 0.16 sample is cleaner (i.e., it has a longer electronic
mean free path) than the x = 0.17 sample, as shown by the
smaller residual resistivity oo of the x = 0.16 sample and the
absence of quantum oscillations in the x = 0.17 sample. At
fixed nominal doping (x = 0.16), samples of different quality
exhibit different magnitude of «gy [Fig. 2(b)].

Combining these results with a previous study [14], we
find that the large negative phonon contribution has similar
magnitude and temperature dependence at all doping levels
of the electron-doped cuprates NCCO and PCCO. This ob-
servation indicates that the mechanism behind the phonon
thermal Hall effect in electron-doped cuprates is similar for all
doping levels, regardless of whether the system is an insulator
or metal. This places a strong constraint on possible mech-
anisms behind the phonon thermal Hall effect and rules out
any mechanism based on the skew scattering of phonons off
charged impurities [11], such as oxygen vacancies, as these
local charges should be screened very effectively by mobile
electrons in a highly conductive metallic state.
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So what makes phonons chiral in cuprates? One possible
explanation is the scattering of phonons by impurities
embedded within an antiferromagnetic environment [13].
Both the magnitude of the extracted Hall coefficient
(Ry < 0.7 mm?/C) and the presence of a low frequency in
the quantum oscillation data in our NCCO x = 0.16 sample
confirm its proximity to the Fermi surface reconstruction
point x*, with x < x*, where short-range antiferromagnetic
correlations are still prominent. A large negative phonon
contribution, similar in magnitude and temperature
dependence, persists from the antiferromagnetically ordered
Mott insulating state all the way up to the metallic state close
to x*, which is consistent with a scenario of antiferromagnetic
ordering playing a key role in the phonon thermal Hall effect.

It is worth noting that a similar «, consisting of both
a negative phononic contribution and a positive electronic
contribution has also been observed in the hole-doped cuprate
La; ¢-+Ndp4Sr,CuO4 at p = 0.20 [1], and high-field nu-
clear magnetic resonance measurements of the closely related
La,_,Sr,CuOy4 have revealed the presence of an antiferromag-
netic spin-glass phase from p = 0.02 all the way to p* ~ 0.19
[29]. The similar behavior of the phonon thermal Hall effect
in hole-doped cuprates and electron-doped cuprates indicates
that the same mechanism involving antiferromagnetic cor-
relations could potentially also explain the phonon «y in
hole-doped cuprates, as has been suggested by a recent study
of impurity-induced phonon thermal Hall effect in the antifer-
romagnetic phase of Sr,IrO4 [30].

V. SUMMARY

We have measured the thermal conductivity xxx and the
thermal Hall conductivity «x, of the electron-doped cuprate
NCCO at dopings x = 0.16 and x = 0.17. In the x = 0.16
sample, we observe two distinct channels for thermal Hall
conductivity in the metallic state: a positive channel con-
tributed by electrons and a negative channel contributed by
phonons. The fact that the negative phononic contribution
is comparable in magnitude and temperature dependence re-
gardless of the system being an insulator (at low doping)
or a metal (at high doping) indicates that its origin is un-
likely to come from skew scattering of phonons off charged

impurities, since such a mechanism should depend strongly on
the screening from mobile electrons. The fact that the negative
phonon thermal Hall effect persists from the antiferromag-
netically ordered phase all the way up to x* (Fig. 1), where
short-range antiferromagnetic correlations are still present, is
consistent with spin texture playing a role in the underlying
mechanism for the phonon thermal Hall effect. This type of
mechanism, whereby phonons are scattered by spin texture
or defects embedded in a magnetic order, could also apply to
hole-doped cuprates inside their pseudogap phase (below the
critical doping p*).
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