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We report an investigation of the phonon thermal Hall effect in single crystal samples of Y,Ti,O7, Dy, Ti, Oy,
and DyYTi,O;. We measured the field-linear thermal Hall effect in all three samples. The temperature depen-
dence of thermal Hall conductivities shows a peak around 15 K, which coincides with the peak positions of the
longitudinal thermal conductivities. The temperature-dependent longitudinal thermal conductivities indicates
that phonons dominate thermal transport in all three samples. However, the presence of Dy*™ magnetic ions
introduces significant effects on the field dependence of the longitudinal thermal conductivities. The thermal
Hall ratio is sizable in all three samples and consistent with the values reported for other insulating materials
exhibiting a phononic thermal Hall effect, though their exact underlying mechanism remains yet to be identified.
The thermal Hall ratio is nearly the same for Y,Ti,O; and DyYTi,O;, and slightly larger for Dy, Ti,O7,
suggesting that magnetic impurities are less significant in generating the phononic thermal Hall effect. Our
observations of the phononic thermal Hall effect support an intrinsic origin in Y, Ti,O7 and suggest a combination
of intrinsic and extrinsic effects in Dy, Ti,O; and DyYTi,0O;.
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The thermal Hall effect (THE) of phonons observed in
various insulating materials continues to be a subject of on-
going debate, particularly regarding its origin and the intrinsic
versus extrinsic nature of its underlying mechanisms. Intrinsic
mechanisms involve phonon dispersion, including theoretical
scenarios such as Berry curvature in phonon bands [1-3],
phonon scattering due to collective fluctuations [4,5], and
interactions between phonons and other quasiparticles like
magnons [6-9]. However, extrinsic mechanisms invoke scat-
tering of phonons by charged impurities or defects [10-16].
Experimentally, phononic THE was first detected in the para-
magnetic insulator Tb3;GasO1, [17], followed by observations
in various other insulating solids [18—41], including nonmag-
netic materials [42—45]. The recent observation of phonon
THE in several nonmagnetic elemental solids, such as the
insulator black phosphorus [43], and semiconductors like Si
and Ge [45], has pointed toward the universality of phonon
THE in solids. Additionally, the thermal Hall ratio has been
phenomenologically shown to exhibit a universal scaling be-
havior observed across various classes of insulating materials,
including nonmagnetic ones [43].

The observation of phonon THE across a wide variety of
insulating solids prompted us to reexamine THE in insulating
pyrochlore Y, Ti,O7, where a previous report by Hirschberger
et al. [25] indicated a negligible thermal Hall ratio. Another
motivation for this revisit is that the study by Hirschberger
et al. was focused more on the isostructural magnetic material
Tb,Ti,O7, where a large THE was measured and attributed
to exotic neutral excitations associated with its quantum spin
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liquid state. The thermal Hall ratio measured in Y, Ti,O; was
only reported at 15 K, and lead to the conclusion that Y, Ti, O
exhibits null signal, in comparison to the significant THE
observed in Tb,Ti,O7. Later, Hirokane et al. [26] interpreted
the observed large THE in Tb,Ti, O7 to be of phononic origin,
because they measured a comparable thermal Hall signal in a
diluted sample in which 70% of the Tb** ions were replaced
by nonmagnetic Y>* ions. This naturally raises the question
whether the pure Y,TiO7 in fact exhibits a null signal or a
finite phononic THE, but up to now we are not aware of any
systematic study of the THE in Y, Ti,O;.

In this letter, we report the discovery of a sizable phonon
THE in the nonmagnetic insulator Y,Ti,O; from a compar-
ative study of THE in Y,Ti,O; alongside the isostructural
pyrochlore materials Dy,Ti;O; and DyYTi,O;, which are
paramagnetic insulators with large local moments of the
Dy’* ions; see Fig. 1. Our discovery of phonon THE in
Y,Ti;O7 and the related magnetic materials aligns well
with observations of the phononic THE measured in vari-
ous insulating solids [18-21,26,27,32,34,35,40,42-45]. It is
noteworthy that Dy, Ti»O7 is well-known for spin-ice physics,
which involves magnetic monopole excitations resulting from
magnetic frustration that prevents the formation of long-range
magnetic order [46—49]. The magnetic monopole excitations
and their impact on various physical properties (specific heat,
thermal conductivity, and magnetization) [50-57], are rele-
vant only at low temperatures (7 < 10 K) and will not be in
the focus of this study.

Single crystals of Y,Ti,O7, Dy,Ti,O7, and DyYTi,0O
were grown using the floating-zone technique, starting from
sintered bars of TiO,, Y03, and Dy,03; mixed in the ap-
propriate stoichiometries. The cool-pressed mixtures were
directly introduced in the floating-zone furnace and were

©2024 American Physical Society
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FIG. 1. (a) Magnetic susceptibility of Dy,Ti,O; and DyYTi,O; showing Curie-Weiss behavior in comparison to Y,Ti,O;, which is
nonmagnetic apart from the temperature-independent Core diamagnetism and a tiny impurity contribution (note that y of Y,Ti,O7 is multiplied
by 100). (b) Thermal conductivities «,, of Y,Ti,O7, Dy,Ti,O7, and DyYTi,O; measured in zero magnetic field and (c) the corresponding
Thermal Hall conductivities normalized by the field, that is «,/B. Panel (c) also displays the schematic setup to measure k, and «,, from

the longitudinal and transverse temperature differences (AT, = T}

~ Ty, AT, =T) —

T3) induced by a heat current Jy || x and a magnetic field

B || z. With respect to the cubic lattice directions, Jo was along [110] and B || [001] in Y,Ti,O; and Dy, Ti,O;, whereas in DyYTi,O; the
orientations Jy || [001] and B || [110] were used. (d)-(f) Magnetic field dependencies of «,, for all three samples, which remains within the
range of 3% for Y,Ti,O7, but reaches up to 25% for Dy, Ti,O; at the lowest measured temperature.

rapidly run through the melting zone to achieve a prime re-
action. Subsequently, the feeding rod and the seed switched
places before a slow crystal growth process began, at speeds
of typically about 1 mm/h; see also Refs. [52,55]. The thermal
conductivities were measured using the standard steady-state,
1-heater 3-thermometer technique under high-vacuum con-
ditions. We employed the steady-state technique where the
magnetic field was changed in steps of 1T from —8T to
8 T while maintaining the sample temperature at a constant
set point. We waited at least 300 s after each incremental
change of the magnetic field before taking measurements
to avoid transient contaminations caused by magnetocaloric
and eddy-current heating effects. The temperature differ-
ences, AT, =T — T, and AT, =T, — T3, were produced by
a 10k2 RuO, chip resistor (heater) attached at one end of
the sample and were measured with magnetic-field calibrated
Cernox sensors (CX-1070), as sketched in Fig. 1(c). In the
case of Y,Ti,O; and Dy,Ti,O7, the heat current Jy = RI?
was applied along the [110] direction in a perpendicular mag-
netic field B || [001]. For DyYTi, 05, the heat current and
magnetic field directions were interchanged, i.e., Jo || [001]
and B || [110]. Gold wires were used for making contact on
the sample with silver paste and were connected to their

respective thermometers of a home-built setup for thermal
transport measurements. To eliminate the misalignment of the
transverse contacts, the temperature difference ATy was ob-
tained by antisymmetrization of the respective raw data mea-
sured in £B, i.e., ATy (B) = (AT, (T, H) — AT,(T, —H))/2.
The thermal Hall conductivity is then obtained as «y, =
(ATy/AT,)(I/w)k,, with longitudinal thermal conductivity
key = (Jo/AT,)(I/wt), distance | between the longitudinal
contacts, sample width w, and thickness 7.

The temperature dependence of the longitudinal ther-
mal conductivity (k,.), as shown in Fig. 1(b), measured on
Y, Ti, 07, Dy,Ti,O7, and DyYTi, 07, exhibits typical phonon
behavior with a peak around 15 K. The increase in k,, at
low temperatures, followed by its decrease above the peak
temperature, results from the opposite temperature dependen-
cies of phonon heat capacity (C) and phonon mean-free path
(1) [58]. Based on kinetic theory, the thermal conductivity
K = %Cvﬂ, where C, v, and £ represent the phonon-specific
heat, sound velocity, and mean-free path, respectively. In
insulating solids, the phonon heat conductivity is expected
to vary as T in the low-temperature limit, whereas % is
approached at high temperatures. This arises from the tem-
perature dependencies of C and ¢, which approach T3 or
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% behavior in the respective temperature regimes [59], and

kxx(T) is governed by the dominating temperature depen-
dence of either C or £. The absolute values of «,, for Y,Ti, O
and Dy, Ti,O; are the same at higher temperatures, whereas
the peak value for Y,Ti,O; (=27W/Km) is significantly
larger than for Dy, Ti,O7 (12 W /Km). The measured x(7T")
for both, Y,Ti,O7 and Dy,Ti,O7, are in good agreement
with those previously reported [18,53,60,61]. The «,,(T) for
DyYTi, 07 remains smaller than the other two across the en-
tire temperature range and shows a peak value of ~8 W /Km.
The reduced «,,(T") values in DyYTi,O; compared to the pure
compounds are likely due to the additional disorder intro-
duced by the statistical distribution of Dy and Y ions. The
fact that Y, Ti,O7 has a larger thermal conductivity peak than
Dy, Ti,O7 can be attributed to additional presence of magnetic
scattering in the latter, which leads to extra suppression of
Kxx. Y2TiO7 is nonmagnetic, whereas Dy, Ti,O7 has a lo-
cal magnetic moment u =~ 10z /Dy>", in agreement with
Hund’s rules. Therefore, phonon scattering due to magnetic
Dy** ions could also be a potential source of suppressed . at
low temperatures for Dy, Ti,O; and DyYTi,O; samples. The
strong suppression of ky, for DyYTi,O7 is the combined effect
of disorder induced by the random distribution of Dy and Y
ions, and the magnetic scattering of phonons compared to the
parent compound Dy, Ti, O.

Figures 1(d)-1(f) show k,, as a function of the magnetic
field at different temperatures. For Y,Ti,O7, the field de-
pendence is negligible at higher temperatures and very weak
(below about 3%) at low temperatures. In contrast, Dy, Ti,O
exhibits the strongest relative field dependence, reaching
about 25% at the lowest measured temperature. DyYTi, O
shows a relative field dependence of around 17%. This strong
field dependence in Dy, Ti,O; suggests that Dy*" ions play
a significant role in the suppression of k,,, consistent with
previous findings [52,61,63]. Similar behavior and variation
in the field dependence of k., have been observed in the
paramagnetic insulator TmVO, when the magnetic Tm>" ion
is replaced by Y3* ions [62]. Furthermore, if we examine
the field-dependent «,, of DyYTi,O; at higher field values,
above 15 K, it shows an increase in k,, compared to its
zero-field value. In magnetically ordered materials, magnetic
fluctuations around the ordering temperature can cause strong
scattering of phonons, significantly suppressing the phononic
heat conduction [63,64]. The application of a magnetic field
partially suppresses these magnetic fluctuations, leading to the
enhancement of phonon thermal conductivity [65]. Dy, Ti, O
and DyYTi, 07 do, however, not exhibit an increase in ther-
mal conductivity with increasing field. Instead, their thermal
conductivity decreases significantly at low temperatures and
moderate fields, followed by a saturation at higher fields. With
increasing temperature the overall field dependence rapidly
decreases and finally results in a slight increase of «, at higher
fields and temperatures. This behavior can be related either
to field-enhanced magnetic scattering on phonons [52,61,63]
or to magnetoelastic coupling, and/or the presence of low-
energy optical modes that intersect both longitudinal and
transverse acoustic phonon modes [66]. These low-energy
optical modes have been identified in various rare-earth py-
rochlore materials, where their interference with acoustic

phonon modes effectively reduces the overall lattice thermal
conductivity [67]. In contrast, Y,Ti,O; shows a slight low-
temperature increase in k,,(B) of about 3%. At first glance,
one might imagine this increase of k,.(B) to be a conse-
quence of possible magnetic impurities in Y,Ti;O;. From the
oxidation states Y;*’Ti‘zH'O%_, magnetic impurities can arise
when diamagnetic Ti*" with 3d° configuration, changes its
oxidation state to Ti’>* with 3d' and one Bohr magneton up
[68]. To investigate this possibility, we measured the magne-
tization of the single crystal used for the thermal transport
measurements. However, on this small sample (6.3 mg), it was
not possible to detect a reliable magnetization signal in our
SQUID magnetometer. Thus, we measured the magnetization
on a much larger piece (516 mg) from the same single crystal.
As shown in Fig. 1, the magnetic susceptibility is almost
constant and weakly diamagnetic (~ —4 x 10~> emu/mol)
above 100 K, then it slowly increases upon further cooling and
reaches >~ 2 x 10~* emu/mol at 2 K. From a low-temperature
magnetization curve up to 7T (see Ref. [70]), we estimate
the concentration of magnetic impurities to be below 0.05%.
Therefore, we conclude that the slight low-temperature in-
crease of xy, in Y,Ti;O7 cannot be attributed to magnetic
impurities and is likely of intrinsic origin. Furthermore, we
conclude that the scattering of phonons by Dy*" magnetic
ions in Dy, Ti;O7 and by both magnetic impurities and disor-
der in DyYTi, 05 is responsible for the significant suppression
of «,, compared to nonmagnetic Y,Ti,O7 in zero field.

We now shift our focus to the thermal Hall conduc-
tivity (k). Figures 2(a)-2(c) show linear magnetic field
dependencies of «,, with negative signs for all samples
and temperatures. From linear fits to the field-dependent
kyy(B) data measured at different temperatures, we derive
the temperature-dependent «,,/B that is shown in Fig. 1(c).
Note the negative sign of «,, for all three samples across the
entire temperature range, which is in contrast to the posi-
tive ky, observed in Tb,Ti,O7 [25,26]. For each sample, the
temperature-dependent «,,/B shows a peak with a maximum
value around the same temperature where a peak in «,, occurs.
This coincidence of peaks in k. and «,, has been reported
in several insulating materials [18-21,26,27,32,34,35,40,
42-45]. It is postulated that since k., being phonon-
dominated, and given the concurrence of peak positions
between ki, and Ky, Ky, is also of phononic origin. To further
check the phononic origin, we can examine the thermal Hall
ratio (kyy/kx), which represents the degree of handedness
(chirality). It has been found that |«y,|/k., for numerous ma-
terials lies in the range of 10~* to 1073, even though the
absolute values of k. and «,, vary by orders of magnitude
at their peak temperatures [18-21,26,27,32,34,35,40,42-45].
The temperature dependence of kv, /k., [see Fig. 3(a)] for all
three samples decreases with increasing temperature, show-
ing a maximum value within the same range of —107* to
—1073 for a magnetic field of 8 T. It is worth noting that
the Ky, /kx measured for Y,Ti,O7 is a sizable signal, con-
trary to what has been originally reported by Hirschberger
et al. [25] and has been later cited as being zero by others
[20,21,62]. The measured value of k.y/k., suggests that the
THE observed in all three samples is of phononic origin.
This brings us to the central question: What is the underlying
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FIG. 2. (a)—(c) Field-antisymmetrized thermal Hall conductivities «.,(B) measured at constant temperatures on Y,Ti,O7, Dy, Ti,O7, and
DyYTi,O;. The dashed lines are linear fits that were used to calculate the temperature-dependent «,, /B. For each fit, an error bar is calculated
for B = 8.5 T using the standard deviation error of the obtained slope.

mechanism that causes phononic THE in these systems? For
most of these materials, the microscopic origin of the THE
has been attributed to phonons through two general coupling
mechanisms. These mechanisms are either intrinsic, where
phonons couple to a field-sensitive mechanism inherent to
the host material, or extrinsic, where phonons couple through
impurities and defects [69]. It is interesting to note that the
value of k,y /K, is nearly the same for all three samples at
temperatures above 50 K. Below 50 K, the ratio /Ky, is
largest in Dy, Ti;O; and smallest in Y,Ti,O7, with the ratio in
DyYTi, 07 only slightly exceeding that in Y, Ti»O5. This rules
out the possibility of a THE that is mainly arising from mag-

nonmagnetic insulators [42,43,45], and it has been argued that

the phonon THE is an intrinsic property of solids, which is
supported by our observation of a phononic THE in nonmag-
netic Y,Ti;O;. Thus, we further explore the applicability of
this intrinsic scenario across all three samples.

Recently, Li et al. [43] proposed a link between the univer-
sality of |kyy|/K. across different insulating materials and a

characteristic length scale Ag, = v %( Zi) This length scale
Atha TEpresents the correlation between the thermal Hall angle
and the mean-free path for phonon Hall response. Interest-
ingly, it was discovered that Ay, varies only slightly, namely,
from 2 A to 7 A, among these insulating materials, despite

netic impurities. The enhanced «,,/k,, in Dy,Ti;O; below
50 K indicates that skew-scattering on magnetic Dy>* ions has
an additional impact, but this effect appears to be rather weak.
Notably, a nonzero phononic THE has been observed in other

their phonon mean-free paths at the respective peak tempera-
tures varying by up to four orders of magnitudes. Motivated
by the study of Li ef al. [43], we also generated similar plots
and examined the range of Ay, applicable to our samples.
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FIG. 3. (a) Temperature-dependent thermal Hall ratios «,,/«, for Y,Ti,O7, Dy,Ti,O7, and DyYTi,O;. The maximum value of k., /K.
remains in the range of —107* to —1073. (b) Scaling behavior of thermal Hall conductivities normalized by the field, |«,,|/B, and longitudinal

thermal conductivities k,, of various insulators [17,19-21,23,24,26,34,42-45,62]. Using the magnetic length £z = v/ %, the extracted length
scale A, from the relation A2, /€3 = k., /., remains between 2 A to 7 A for various insulators, despite their mean-free paths varying by orders

of magnitude.
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Intriguingly, the Ay, values for all three samples are between
3 A and 3.5 A, falling within the range of 2 A to 7 A [see
Fig. 3(b)]. It is noteworthy that due to the small variation
of Ama among different solids, phonon THE has been pro-
posed to be an intrinsic property of insulating solids, such as,
e.g., Y, Ti,O;. However, this scaling behavior holds true even
in materials where extrinsic scenarios have been proposed
[17,26,40,62]. This aligns with our observation of a weak
impact on the thermal Hall ratio from the magnetic Dy>* ions.

To conclude, we conducted a comparative study of
thermal transport in Y,Ti,O;, Dy,Ti,O7, and DyYTi, O
single crystals. The longitudinal thermal conductivities in
all three samples are phonon-dominated. The presence of
Dy’* magnetic ions significantly affects k,,, as seen in
the field-dependent data for Dy,Ti,O; and DyYTi,O;. We
measured sizable field-linear thermal Hall conductivities k.,
in all three samples. The temperature-dependent k., show

peaks around 15 K, coinciding with the respective peaks of
kxx. The thermal Hall ratio, ky,/kxy, is large (approximately
—107* to —107?%) and aligns with other insulating materials
where the THE of phononic origin has been reported [17,
19-21,23,24,26,34,42-45,62]. At low temperature, the ther-
mal Hall ratio of Dy,Ti,O; is moderately enhanced in
comparison to that of Y,Ti,O7, suggesting that the phononic
THE is of intrinsic origin for Y,Ti,O7, but can be a combi-
nation of both intrinsic and extrinsic origin for Dy, Ti,O7 and
DyYTi, 0.
The data of this article are available from Zenodo [70].
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