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The thermal Hall effect is used increasingly to probe insulators1–11, mate-
rials with no mobile charge carriers. In the presence of a heat current 
J along the x axis and a magnetic field H along the z axis, a transverse 
temperature gradient ∇T (along the y axis) can develop even if the 
carriers of heat are chargeless, provided they have chirality12 or they 
acquire a handedness in the presence of a magnetic field. Of particular 
interest is the possibility that measurements of the thermal Hall con-
ductivity κxy could detect emergent excitations in quantum materials, 
such as Majorana fermions13 or chiral magnons14, reportedly sighted in 
the spin liquid candidate α-RuCl3 (refs. 15,16, although some authors 
have a different interpretation10,17).

Phonons are the dominant carriers of heat in all insulators, and so 
the first question to ask of any thermal Hall study is whether phonons 
are responsible for κxy. Initially, they were thought to generate only a 
very small thermal Hall effect, but we now know, for example, from 
observations in multiferroic materials8, cuprate Mott insulators9,18, 
strontium titanate6 and the antiferromagnetic insulator Cu3TeO6  

(ref. 11), that this is not true. However, although it is now clear that 
phonons can produce a sizeable thermal Hall signal, the underlying 
microscopic mechanism is still not clear. Several theoretical scenarios 
have been proposed in the last few years19–28, most recently focusing 
on the role played by impurity or defect scattering of phonons24–26,28. 
Of particular interest here is a mechanism of resonant scattering of 
phonons by defects embedded in an antiferromagnetic environment, 
which does generate a thermal Hall effect of a realistic magnitude28.

In this Article, we report a systematic study of how Rh impurities 
affect the thermal Hall conductivity of the antiferromagnetic insula-
tor Sr2IrO4. Despite the fact that Rh is isovalent to Ir, X-ray absorption 
experiments29 have shown that, at small dopings, Rh adopts a valence 
3+, with a non-magnetic 4d6 configuration, different from the 5d5 
configuration of Ir4+. Hence, it acts as a non-magnetic impurity, effec-
tively trapping an electron and therefore doping the rest of the system 
with holes, as confirmed by angle-resolved photoemission experi-
ments30,31. Magnetism is progressively suppressed, and the system 
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A thermal Hall effect occurs in an increasing number of insulators and is 
often attributed to phonons, but the underlying mechanism is not known 
in most cases. Two main scenarios have been proposed: either a coupling 
of phonons to spins or scattering of phonons by impurities or defects, but 
there is no systematic evidence to support either of them. Here we present 
evidence for the phonon impurity scattering picture by studying the effect 
of adding rhodium impurities to the antiferromagnetic insulator Sr2IrO4, 
substituting for the spin-carrying iridium atoms. We find that adding 
small concentrations of rhodium impurities increases the thermal Hall 
conductivity, but adding enough rhodium to suppress the magnetic order 
eventually decreases it until it nearly vanishes. In contrast, introducing 
lanthanum impurities that substitute for the strontium atoms, which lie 
outside the IrO2 planes that are the seat of magnetism, produces a much 
smaller enhancement of the thermal Hall conductivity. We conclude that the 
thermal Hall effect in this material is caused by the scattering of phonons by 
impurities embedded within a magnetic environment.
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becomes increasingly metallic32. We find that 2% of Rh substituting 
for the spin-carrying Ir atoms (Fig. 1a) causes a 30-fold enhancement 
of the thermal Hall angle, |κxy/κxx|, while 15% of Rh, enough to suppress 
the magnetic order (Fig. 1b), brings this down to a negligible value. We 
conclude that both impurities and magnetism play a key role.

Figure 2 and Extended Data Fig. 1 show our data for the thermal 
conductivity κxx and the thermal Hall conductivity κxy, taken at a mag-
netic field of 15 T on five samples of Sr2Ir1−xRhxO4. These samples have 
Rh concentrations ranging from x = 0 to x = 0.15, and their doping 
concentrations were validated using energy dispersive X-ray spectros-
copy (Extended Data Fig. 2). Extended Data Fig. 3 shows the typical 
field dependence of κxx  and κxy. However, for all other thermal meas-
urements, the applied magnetic field was maintained at 15 T. We see 
that small concentrations of Rh, up to x = 0.05, yield only small varia-
tions in the magnitude of κxx (Fig. 2a), no more than the factor of 2–3 
variation that is typical of the sample-to-sample variation seen in oxide 
crystals (see, for example, ref. 33). Our κxx data at x = 0 are similar to 
those previously reported for Sr2IrO4 (ref. 34). We attribute the differ-
ence in amplitude to a difference in crystalline (structural) quality. By 
contrast, the same small concentrations of Rh cause a huge increase in 
the magnitude of κxy (Fig. 2b). Plotting the ratio |κxy/κxx| versus T  
(Fig. 3a), we see that the peak value, at T ≈ 20 K, increases very rapidly 
with x, at low x (Fig. 3b). Specifically, |κxy/κxx| is 30 times larger at x = 0.02 
compared with x = 0, and 70 times at x = 0.05. This is compelling 
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Fig. 1 | Crystal structure and magnetic phase diagram of Rh-doped Sr2IrO4. 
a, The crystal structure of Sr2IrO4, showing the stacking of IrO2 layers. The spins 
(moments) reside on the Ir sites, and order into a Néel antiferromagnetic state 
at low temperature. Rh impurities substitute for the Ir atoms and La impurities 
substitute for the Sr atoms, on atomic sites as colour coded. The directions of 
the crystallographic axes a and c are indicated by arrows. b, The temperature–
doping phase diagram of Sr2IrO4, showing how the antiferromagnetic transition 
temperature TN (blue dots) decreases with Rh doping30.
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Fig. 2 | Thermal conductivity and thermal Hall conductivity in Rh-doped 
Sr2IrO4. a, The thermal conductivity κxx of Sr2Ir1−xRhxO4 for a heat current parallel  
to the IrO2 planes (J || a || x) and a magnetic field of 15 T applied normal to the planes 
(H || c || z), plotted as κxx versus T, for x = 0 (violet), x = 0.02 (blue), x = 0.05 (dark 
green), x = 0.07 (light green) and x = 0.15 (orange). b, The thermal Hall conductivity 
κxy for the same five samples, plotted as –κxy versus T (κxy is negative for all samples at 
all temperatures). Data at different fields are shown in Extended Data Fig. 3,  
for x = 0.05.
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Fig. 3 | Thermal Hall angle as a function of Rh doping. a, The thermal Hall angle 
in our five samples of Sr2Ir1−xRhxO4, plotted as |κxy/κxx| versus T, obtained from κxx 
and κxy data in Fig. 2. b, The magnitude of |κxy/κxx|, at T = 20 K, as a function of the 
Rh doping. Note the 70-fold increase in |κxy/κxx| between x = 0 and x = 0.05, and the 
subsequent decrease to a very small value at x = 0.15, where antiferromagnetic 
order has been suppressed (Fig. 1b). Error bars are ±15% (Methods).

http://www.nature.com/naturephysics


Nature Physics | Volume 20 | April 2024 | 585–588 587

Article https://doi.org/10.1038/s41567-024-02384-5

evidence that impurity scattering plays a key role in the mechanism 
responsible for the thermal Hall effect in this insulator.

The heat carriers at play in Sr2IrO4 are almost certainly phonons, 
given the similarity of κxy(T) to findings for the cuprate Mott insulators 
La2CuO4, Nd2CuO4 and Sr2CuO2Cl2 (ref. 18), materials in which phonons 
have been shown to cause κxy (refs. 9,33). Specifically, |κxy(T)| peaks at 
the same temperature (T ≈ 20 K) as the phonon-dominated κxx(T), as in 
the cuprates, and indeed SrTiO3 (ref. 6) and Cu3TeO6 (ref. 11), materials 
where phonons are also clearly the relevant heat carriers.

The heat carriers at T = 20 K, where κxy is largest, are certainly not 
magnons because the gap in the magnon spectrum ensures that, at 
such a temperature, the contribution of magnons to heat transport is 
negligible34. Note also that charge carriers doped into the IrO2 planes 
when Rh is added make a negligible contribution to κxx and κxy, because 
of the very large electrical resistivity of our samples (Methods).

Our first major finding is therefore that impurity scattering plays 
a strong role in controlling the phonon thermal Hall effect in this mate-
rial. We confirm this by introducing another type of impurity: La sub-
stituting for Sr. Figure 4 and Extended Data Fig. 4 report our data for 
four crystals of Sr2−xLaxIrO4 with La concentrations ranging from x = 0 to 
x = 0.08. (La doping in excess of x = 0.10 suppresses antiferromagnetic 
order35.) We see that adding low levels of La impurities again causes 
an increase in |κxy/κxx| (Fig. 4a), but the effect is much less pronounced 
than for Rh doping (Extended Data Fig. 5). Indeed, when measured at 
T = 20 K (and H = 15 T), |κxy/κxx| reaches a maximal value that is ten times 

smaller for La doping (Fig. 4b) compared with Rh doping (Fig. 3b). We 
infer that what matters is disorder on the spin-carrying site (Ir). In other 
words, spin also plays a key role.

We find further support for this inference by looking at higher 
doping levels. In Fig. 2b, we see that, when enough Rh is added to fully 
suppress the long-range antiferromagnetic order, namely x = 0.15 (so 
that the Néel temperature goes to zero; Fig. 1b), the magnitude of κxy 
becomes very small and |κxy/κxx| is back down to its low value at x = 0 
(Fig. 3b). A similar decrease of |κxy/κxx| at high x is found for La doping 
(Fig. 4b). This strongly suggests that magnetism is a key ingredient. 
This is our second major finding.

In summary, our doping studies of the antiferromagnetic insulator 
Sr2IrO4 show that impurities can generate a large phonon thermal Hall 
effect, especially when these impurities are embedded in a magnetic 
environment. This goes along the lines of a recent theoretical proposal 
based on resonant impurity scattering of phonons in a magnetic insu-
lator28. A scenario of phonons scattered by impurities in a magnetic 
environment may be relevant for the thermal Hall effect of several 
other materials, such as the cuprates5,9,18,33, whose magnetic order and 
crystal structure are very similar to those of Sr2IrO4, but also the cubic 
antiferromagnet Cu3TeO6 (ref. 11) and possibly spin liquid candidates 
such as the layered antiferromagnet α-RuCl3 (refs. 10,15,16).

Note that, unlike in Sr2IrO4, the phonon thermal Hall angle in 
cuprates does not depend strongly on doping, whether this is hole 
doping (as in La2CuO4 (ref. 5)) or electron doping (as in Nd2CuO4 
(ref. 33)). It is important to note, however, that unlike in Rh-doped 
Sr2IrO4, the doping in cuprates proceeds via impurities (Sr in La2CuO4 
or Ce in Nd2CuO4) that do not substitute for the spin-carrying site 
(Ir in Sr2IrO4 and Cu in La2CuO4 or Nd2CuO4). The phonon thermal 
Hall effect in cuprates exists even outside the region of long-range 
antiferromagnetic order but is only observed in the doping range 
below p*, the pseudogap critical point in hole-doped cuprates5,9, and 
below x* = 0.175, the critical doping below which short-range antifer-
romagnetic order is known to exist in electron-doped cuprates33. 
It therefore seems that short-range magnetic correlations are also 
important for the phonon thermal Hall effect of cuprates, with the 
implication that such correlations are a defining characteristic of 
the pseudogap phase.
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Methods
Samples
Sr2IrO4 and Rh-doped Sr2IrO4. Single crystals of Sr2IrO4 and 
Sr2Ir1-xRhxO4 were grown at Université Paris-Saclay using a flux-grown 
technique36, with Rh concentrations of x = 0.02, 0.05, 0.07 and 0.15. 
Contacts were made using silver paste and thin silver wires.

La-doped Sr2IrO4. Single crystals of Sr2-xLaxIrO4 were also grown at Uni-
versité Paris-Saclay with the same flux-grown technique, with La concen-
trations of x = 0.02, 0.04 and 0.08. Contacts were made in the same way.

The Rh and La content of the crystals was confirmed by EDX meas-
urements (Extended Data Fig. 2). The orientation of the crystals is dic-
tated by the rectangular shape of the as-grown platelets, as confirmed 
by several angle-resolved photoemission spectroscopy measurements 
on crystals grown in the same way.

Thermal Hall measurement
Thermal conductivity and thermal Hall conductivity measurements 
were performed as described in ref. 9. The thermal conductivity is 
defined as κxx = (J/ΔTx)(l/wt), and the thermal Hall conductivity is 
defined as κxy = −κyy(ΔTy/ΔTx)(l/w), where κyy = κxx in this material given 
its tetragonal crystal structure and ΔTy and ΔTx are the transverse 
and longitudinal temperature differences across the sample, l is the 
distance between the longitudinal contacts, w and t are the sample 
width and thickness, respectively, and J is the heat current. The error 
bar on the absolute value of κxy is roughly ±25%, coming mostly from 
uncertainties in the values of l, w and t. As seen from the formulae 
above, the ratio κxy/κxx has a smaller error bar, roughly ±15%.

In all measurements, the heat current J was applied within the IrO2 
planes (J || a) and the magnetic field H was applied normal to the IrO2 
planes (H || c).

Electronic thermal Hall conductivity
Adding Rh to Sr2IrO4 introduces electronic charge carriers that 
themselves contribute to thermal transport, in both κxx and κxy. How-
ever, this contribution is negligible because all our Rh-doped sam-
ples have in-plane electrical resistivity ρxx > 0.6 mΩ cm below 100 K  
(ref. 30). Indeed, in our sample with x = 0.15, where the electrical Hall 
conductivity σxy is largest (being the most metallic), its value is such that 
L0σxy = 3 μW K−2 m−1 for H = 15 T at T = 20 K (refs. 30,37), only 1% of the 
measured value of κxy/T for H = 15 T at T = 20 K. This negligible electronic 
contribution to κxy becomes even smaller for x < 0.15.

Reproducibility of our findings
In Extended Data Fig. 5a, we see that three separate samples of 
Rh-doped Sr2IrO4 with x = 0.02, 0.05 and 0.07 demonstrate the main 
conclusion of our paper, namely that a low level of Rh impurities causes 
a huge enhancement of the thermal Hall angle, by a factor of at least 30 
relative to x = 0. We also see that three separate samples of La-doped 
Sr2IrO4 with x = 0.02, 0.04 and 0.08 demonstrate the second major con-
clusion of our paper, namely that La impurities cause a much smaller 
enhancement, by at least an order of magnitude compared with Rh 
doping. Having three separate samples that support each claim is a 
satisfactory level of reproducibility.

Moreover, the same level of reproducibility is observed if we look 
just at the thermal Hall conductivity itself, instead of the ratio κxy/κxx. 
This is immediately clear from Extended Data Fig. 5b, where we see 

that the raw κxy values for x = 0.02, 0.05 and 0.07 are at least a factor of 
20 larger than at x = 0.

Factors of 30 and 20 are well beyond the expected variation from 
sample to sample.

Data availability
Source data are available with this paper. All other data that support 
the findings of this study are available from the corresponding authors 
upon reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1 | Thermal conductivities in Rh-doped Sr2IrO4.  
a) Thermal conductivity of Sr2Ir1-xRhxO4 for a heat current parallel to the IrO2 
planes (J // a // x) and a magnetic field of 15 T applied normal to the planes (H // c // z),  

plotted as κxx/T vs T, for dopings x as indicated. b) Thermal Hall conductivity 
for the same samples, plotted as − κxy/T vs T (κxy is negative in all samples at all 
temperatures).
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Extended Data Fig. 2 | EDX spectra of Sr2IrO4 samples. Typical EDX spectra for Sr2IrO4 (red), La-doped Sr2IrO4 (black) and Rh-doped Sr2IrO4 (blue). From such spectra 
taken on samples from the same batch as our transport samples, the value of x is confirmed, within an uncertainty of at most ± 20 %.
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Extended Data Fig. 3 | Magnetic field dependence of κxx and κxy. a) Thermal conductivity of Rh-doped Sr2IrO4 with x = 0.05, plotted as κxx/T vs T for different magnetic 
fields, as indicated. b) Thermal Hall conductivity of the same sample, plotted as – κxy/H vs T for the same magnetic fields, as indicated.
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Extended Data Fig. 4 | Thermal conductivities in La-doped Sr2IrO4.  
a) Thermal conductivity κxx of Sr2-xLaxIrO4 for a heat current parallel to the IrO2 
planes (J // a // x) and a magnetic field of 15 T applied normal to the planes  

(H // c // z), plotted as κxx vs T, for dopings x as indicated. b) Thermal Hall 
conductivity κxy for the same samples, plotted as – κxy vs T (κxy is negative in all 
samples at all temperatures).

http://www.nature.com/naturephysics


Nature Physics

Article https://doi.org/10.1038/s41567-024-02384-5

Extended Data Fig. 5 | Reproducibility of our two main findings. a) Evolution 
of the ratio |κxy/κxx| in Sr2IrO4 with impurity concentration x, for both Rh doping 
(red squares) and La doping (blue circles), evaluated at T = 20 K and H = 15 T. 
Error bars are ± 15% (see Methods). b) Magnitude of the thermal Hall conductivity 
κxy in Sr2IrO4 vs x, evaluated at T = 20 K and H = 15 T, relative to its value at x = 0. 
We see that 3 separate samples of Rh-doped Sr2IrO4 – with x = 0.02, 0.05, 0.07 
– demonstrate the main conclusion of our paper, namely that a low level of Rh 
impurities causes a huge enhancement of the thermal Hall angle, by a factor of 

at least 30 (or of the thermal Hall conductivity, by a factor of 20 or more) relative 
to x = 0. We also see that 3 separate samples of La-doped Sr2IrO4 – with x = 0.02, 
0.04, 0.08 – demonstrate the second major conclusion of our paper, namely 
that La impurities cause a much smaller enhancement, by at least an order of 
magnitude compared to Rh doping. Having three separate samples that support 
each claim is a satisfactory level of reproducibility. Error bars are ± 25% (see 
Methods).
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