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A B S T R A C T   

Nickel (II) oxide is a prominent candidate for spintronic and spin-caloritronic applications operating at room 
temperature. Although there are extensive studies on nickel oxide, the roles of magnon- and spin-phonon in
teractions on thermal transport are not well understood. In the present work, the relationship between spin- 
phonon interactions and thermal transport is investigated by performing inelastic neutron scattering, time- 
domain thermoreflectance thermal conductivity measurements, and atomistic thermal transport calculations. 
Inelastic neutron scattering measurements of the magnon lifetime imply that magnon thermal conductivity is 
trivial, and so heat is conducted only by phonons. Time-domain thermoreflectance measurements of the thermal 
conductivity vs. temperature follow T−1.5 in the antiferromagnetic phase. This temperature dependence cannot 
be explained by phonon-isotope and phonon-defect scattering or phonon softening. Instead, we attribute this to 
magnon-phonon scattering and spin-induced dynamic symmetry breaking. The spin-phonon interactions are 
saturated in the paramagnetic phase and lead to a weaker temperature dependence of T−1.0 at 550–700 K. These 
results reveal the importance of spin-phonon interactions on lattice thermal transport, shedding light on the 
engineering of functional antiferromagnetic spintronic and spin-caloritronic materials through these interactions.   

1. Introduction 

Thermal transports in magnetic insulators are predominantly gov
erned by lattice dynamics, spin dynamics, and mutual interactions be
tween them. Phonons and magnons are quantized energy carriers that 
correspond to lattice and spin degrees of freedom. Their contributions to 
thermal conductivity vary in different systems. Phonons usually carry 
most of the heat in magnetic insulators. Magnons also affect the thermal 
transport of magnetic insulators through two mechanisms. First, in some 
insulators, the amount of heat carried by magnons is comparable to that 
of phonons at low temperatures [1–5]. Second, spin-phonon interactions 
affect phonon energies and mean free paths, thus the transport of 

phonons [6,7]. Although thermal conductivity governed by 
phonon-phonon scattering can be understood by the theory of lattice 
anharmonicity [8], the effects of magnon and spin-phonon interactions 
are less well understood [9]. The majority of existing work focused on 
tuning thermal conductivity by an external magnetic field at low tem
peratures, where thermal transport is not dominated by phonons. It was 
observed that with increasing external magnetic field, the 
magnon-phonon interaction is weakened and the thermal conductivity 
is enhanced in ferromagnetic, ferrimagnetic and magnetic frustrated 
materials [10–12]. These observations suggest that spin-phonon in
teractions suppress thermal transport. However, the thermal conduc
tivity in antiferromagnetic materials has a much weaker field 
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dependence [6], thus the effects from spin-phonon interactions are not 
extensively explored. There are great potentials in engineering thermal 
transport through such interactions. 

Antiferromagnetic (AFM) insulators exhibit characteristics of low 
damping and robustness against external magnetic perturbations, which 
make them promising candidate materials for quantum computing de
vices [13], ultrafast spintronics [14–17], memory devices [18], and 
spin-caloritronic applications [19,20]. Colinear AFM insulator nickel (II) 
oxide (NiO) is a prominent candidate for next-generation spintronic and 
spin-caloritronic applications operating at room temperature because it 
has high spin transport efficiency [21–24] and high Néel temperature 
(TN = 523 K) [25–27], and its magnetic order can be manipulated by 
ultrafast photoexcitation [28]. Importantly, spin-induced dynamic 
symmetry breaking and the mutual spin-phonon driving effect have 
recently been reported in NiO, suggesting the presence of strong 
spin-phonon interactions [29]. The observed strong spin-phonon in
teractions may significantly affect phonon transport and motivates the 
current work. 

While there are extensive experimental and theoretical studies on 
thermal transport in single crystal NiO [30–35], there are no conclusive 
experimental thermal conductivity data or atomistic models for magnon 
and phonon transport in the context of spin-phonon interactions. The 
most cited experimental work was done by F. B. Lewis et al. [32]. 
Although the thermal conductivity was reported to increase with tem
perature in the paramagnetic (PM) phase, suggesting strong 
spin-phonon interactions, the measurement was not conclusive because 
of possible radiational heat loss [32]. The increase of thermal conduc
tivity in the PM phase is contrary to later measurements done by M. 
Massot et al. [34], who measured the thermal conductivity only in the 
vicinity of TN. Moreover, characterizing the magnon and phonon dy
namics is pivotal for investigating the effect of spin-phonon interactions. 
Previous Raman experiments only focused on the temperature depen
dence of the phonon energy at the zone center [36]. The lack of accurate 
measurements of thermal conductivity in a wide temperature range, 
characterizations of temperature-dependent magnon and phonon dy
namics off zone centers, and atomistic models for magnon and phonon 
transport hindered further investigations of thermal transports in this 
important material. The present work sheds light on these points. 

In the current work, we performed inelastic neutron scattering (INS) 
experiments to characterize magnon and phonon dynamics, time- 
domain thermoreflectance (TDTR) measurements to measure 
temperature-dependent thermal conductivity, and atomistic simulations 
to investigate phonon and magnon transport in the context of spin- 
phonon interactions in NiO. INS measurements of magnon lifetimes 
indicate that the magnon thermal conductivity is negligible at all tem
peratures. TDTR measurements reveal that the thermal conductivity of 
NiO decreases from ~55 W/(m • K) at 200 K to ~13 W/ (m • K) at 500 K. 
First principles calculations show that this temperature dependence is 
greater than can be explained with phonon-phonon and phonon-defect 
scattering (from 53 to 20 W/(m • K) in the same temperature range). 
INS measurements of temperature-induced phonon energy softening 
cannot also explain the observed temperature dependence of thermal 
conductivity. We attribute the difference to spin-phonon interactions. 

2. Methods 

2.1. Experimental 

2.1.1. INS experiments 
Time-of-flight INS measurements were performed on single-crystal 

NiO with Wide Angular-Range Chopper Spectrometer (ARCS) at the 
Spallation Neutron Source at Oak Ridge National Laboratory. Incident 
energy of 150 meV was used for measurements under 10, 300, 540 and 
640 K. The sample was loaded with Al foil and placed in a low- 
background electrical resistance vacuum furnace with (H,H, 0) plane 
horizontal. Data reduction was performed with MANTID [37]. The INS 

data were normalized by the proton current on the target and corrected 
for detector efficiency using a vanadium scan. Since no detectable dif
ference can be found in binning experimental data (10, 300 K) with 
distorted rhombohedral or FCC lattice coordinates, the slight structure 
distortion of the AFM phase was neglected, and the FCC crystal structure 
was used for data analysis. The data was sliced along high symmetry 
Q-directions in reciprocal space to produce two-dimensional ener
gy-momentum views of dispersions. 

Time-of-flight INS measurements were also performed on poly
crystalline NiO. The sample was loaded in an Al sample can and 
mounted in a low-background electrical resistance vacuum furnace. The 
two-dimensional dynamic structure factors S(|Q|, E) were obtained at T 
= 50, 280, 450, 540 and 640 K using an incident energy of 50 and 150 
meV. INS measurements on an empty Al can were performed at the same 
temperatures and neutron incident energy. The measured intensity, as 
the INS background induced by the sample holder, was subtracted from 
the polycrystalline data. The data have been corrected by multiphonon 
scattering and thermal occupation using Getdos [38]. 

Triple-axis INS measurements were performed on the same single- 
crystal with triple-axis spectrometer TAIPAN at OPAL reactor at 
ANSTO to map phonon dispersion near the zone center. Constant Q 
scans near zone centers at (1,1,1), (0,2,2) and (0,0,2), and constant 
energy scans at 10, 15, and 20 meV along [1,1,1] were performed at 300, 
450, and 650 K. 

2.1.2. TDTR experiments 
We performed TDTR measurements on two single-crystal NiO sam

ples between 125 and 675 K. TDTR is a well-established pump probe 
technique for the characterization of thermal properties [39]. Details of 
our TDTR setup can be found in Ref. [40]. We mounted the samples in a 
heater stage (Microptik MHCS600) for temperatures above 300 K and in 
a cryostat (Janis ST-300MS) below 300 K. We pumped the sample 
chamber down to ~10−5 torr during the experiments. We coated the NiO 
samples with a ~80 nm Al film. The Al film serves as both a heat 
absorber and a thermometer. In TDTR measurements, a train of 
783-nm-wavelength laser pulses emitted from a mode-locked Ti:sap
phire oscillator is split into a pump beam and a probe beam. The pump 
beam heats the sample at a modulation frequency of 10.7 MHz. The 
probe beam monitors the temperature decay at the sample surface via 
temperature-induced changes in the reflectance of the Al film. The re
flected probe beam from the Al film is collected by a silicon photodiode 
detector. A lock-in amplifier reads the microvolt change in voltage 
output by the detector due to changes in reflected probe beam intensity. 
The amplifier outputs the in-phase signal Vin and the out-of-phase signal 
Vout at the 10.7 MHz modulation frequency. The size of the laser spot in 
1/e2 radius w0 = 6.5 μm and is measured by the beam offset method 
[41]. We controlled the steady-state temperature rise in NiO to be less 
than 5 K considering its phase transition at 523 K. The steady-state 
temperature increase in the TDTR measurements is [39]. 

ΔTs =
Pi(1 − R)

2
̅̅̅
π

√
w0κ

,

where Pi is the incident laser power, R is the optical reflectivity of Al, and 
κ is the thermal conductivity of NiO. We make sure ΔTs < 5 K by con
trolling the incident pump and probe power. 

We analyzed the collected ratio, -Vin/Vout, using a heat diffusion 
model to extract the thermal conductivity of NiO [39]. The model needs 
several input parameters, such as laser spot size, modulation frequency, 
and thermal properties of each layer. We measured the thickness of the 
Al film by picosecond acoustics [42]. We used experimental results from 
literature for the heat capacity of Al and NiO at different temperatures 
[32,43,44]. For the heat capacity of NiO above 630 K, there is no 
experimental data. Thus, we extrapolate the experimental results in 
Ref. [32]. 
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2.1.3. INS data folding 
Data folding was used to increase the counting statistics and remove 

the neutron scattering form factor in the dynamic structure factors S(Q,

E). Data folding was done by summing up the S(Q, E) data from over 100 
BZs into an irreducible wedge in the first Brillouin zone. The offsets of 
the q grids were corrected by fitting the measured Bragg diffractions. 
This folding technique has been used in a previous study [45] and has 
been demonstrated to be reliable. 

2.2. Calculational 

2.2.1. First-principles calculations and thermal conductivity simulations 
The ab initio density functional theory (DFT) calculations were 

performed with the VASP (Vienna Ab initio Simulation Package) [46,47] 
on a plane wave basis set, using the projector augmented wave (PAW) 
pseudopotentials [48,49] with local spin density approximation (LSDA) 
exchange correlation functionals [50] and the Hubbard-U model [51]. 
U = 5 eV was chosen to obtain the best match with experimental phonon 
dispersion, although it underestimated the electron band gap [52]. An 
energy cutoff of 550 eV was used for all calculations. LSDA + U ionic 
relaxation was performed based on a primitive cell containing two 
nickel and two oxygen atoms with collinear antiferromagnetic (AFM) 
spin order. A Γ-centered k-point grid of 13 × 13 × 13 was used in LSDA 
+ U ionic relaxation. The relaxed cell has a slight contraction along the 
[1,1,1] direction. The calculated distortion angle of 0.15◦, which de
viates from 60◦ in the FCC primitive cell, is larger than the experiment 
value in Ref. [53]. The relaxed rhombohedral cell (space group 166) 
with a lattice constant of 4.958 Å and an angle of 33.66◦ (from an un
distorted value of 33.55◦) were used in the phonon dispersion calcula
tions. The static dielectric tensor and Born effective charges were 
obtained to calculate nonanalytical terms in phonon calculations. The 
second order interatomic force constants were obtained from a 2× 2× 2 
supercell of 32 atoms with a Monkhorst-Pack k-point grid of 6× 6× 6 
using the density functional perturbation theory (DFPT). Phonon ei
genvalues and eigenvectors were obtained by diagonalizing the 
dynamical matrix implemented in Phonopy [54]. 

Third-order force constants were also calculated using a 2× 2× 2 
supercell, corresponding to 32 atoms with 6 × 6 × 6 reciprocal mesh 
sampling and an energy cutoff of 550 meV. The third-order force con
stants were calculated from 226 inequivalent displacements based on 
the supercell mentioned forehead without a pair-cutoff distance. 
Second-order and third-order force constants are symmetrized to mini
mize drift force constants as implemented in Phono3py [55]. Phonon 
lifetimes were obtained from the imaginary part of the calculated 
phonon self-energy, which was evaluated by the lowest-order many-
body perturbation theory as implemented in Phono3py. The lattice 
thermal conductivity accounting for 3-phonon scattering was calculated 
by solving the linearized phonon Boltzmann equation (LBTE) using the 
single mode relaxation-time method [55,56] with Phono3py. The lattice 
thermal conductivity using the direct solution of LBTE is also calculated 
with Phono3py. Phonon lifetimes and lattice thermal conductivity 
converged in 20 × 20 × 20 q mesh. The isotope scattering due to the 
mass variance of isotope distributions was performed as implemented in 
Phono3py. The thermal conductivity by phonon-phonon, phonon-iso
tope and phonon-defect scattering is estimated by κpd = 1

N
∑

qj
cqjv2

qjτp,qj. 

According to Matthiessen’s rule, the single-mode phonon relaxation 
time at specific q and branch j follows 1

τp,qj
= 1

τpp,qj
+ 1

τpi,qj
+ 1

τpd,qj
, where τpp,qj, 

τpi,qj and τpd,qj stand for relaxation time by phonon-phonon, phonon-i
sotope and phonon-defect scattering. It is assumed that the relaxation 
time of the scattering of phonon defects due to point defects is assumed 

to follow τpd,qj
−1(ωqj) = A

(
ωqj

ωmax

)4
, where A is a scaling factor; ωqj and 

ωmax are the phonon energy and cutoff phonon energy at point q for 
branch j, respectively. A is obtained by fitting the measured thermal 
conductivity of NiO (I) below 200 K. 

The phonon properties with collinear ferromagnetic (FM) spin order 
were calculated based on the same relaxed cell mentioned forehead. The 
second order force constants, the static dielectric tensor and Born 
effective charges were obtained in the same procedures. By changing 
from AFM to FM spin order, the phonon maximum energy increase 
5.6%. The phonon Grüneisen parameters with FM and AFM spin order 
were calculated from three separate phonon band structure calculations 
with lattice constants of −0.3%, 0% and +0.3%, as implemented in 
Phonopy. 

3. Result and discussion 

Time-of-flight INS measurements were performed on single-crystal 
NiO with ARCS spectrometer at the Spallation Neutron Source (see 
Sec. 2.1.1). The four-dimensional dynamic structure factors, S (Q,E), 
were mapped at 10, 300, 540 and 640 K and folded into an irreducible 
wedge in one Brillouin zone (see Sec. 2.1.3). In Fig. 1, the folded S (Q,E) 
shows phonon and magnon dispersions. The spectral intensity of the 
magnons is weaker than that of the phonons. In Fig. 1 c, the measured 
phonon dispersion shown in the folded S (Q,E) is consistent with pre
vious measurements at 300 K [57]. The S (Q,E) calculated by the 
coherent lattice INS (see SI note 1) at 10 K shows excellent agreement 
with the measurements (Fig. 1 a, b). Our DFT calculation predicts the 
longitudinal optic mode energy of 71.2 meV at the zone center (Γ), 
matching well with our measurement and previous Raman measure
ment at 300 K [36]. Two branches of nondispersive INS intensities 
around 23 and 35 meV overlay with low-lying optical modes (Fig. 1 b, 
c). These intensities arise from incoherent INS by nickel atoms, which 
have a non-trivial incoherent scattering cross section of 5.2 b. This is 
confirmed by the coherent one-phonon scattering dynamic structure 
factor simulation in Fig. 1 a. Similar incoherent scattering intensities 
have been observed in CoO [58]. Our INS measurements provide 
detailed characterizations of magnon and phonon properties and shed 
light on the calculation of thermal conductivity, as discussed below. 

The total thermal conductivity (κ) in NiO can be represented as κ =

κm + κp, where κm and κp are the thermal conductivity by magnon and 
phonon transports, respectively. In this system, the intrinsic linewidth 
broadenings of magnons were much smaller than the magnon energy. 
Magnons would be well defined and can be treated as propagating 
quasiparticles. In this case, the kinetic theory of thermal transport can be 
applied to calculate the magnon thermal conductivity [59]. The thermal 
conductivity along [1,0,0] can be calculated with 

κm =
∑

q
cqv2

qτq,

where cq, vq, τq are the mode volumetric specific heat (energy density per 
unit volume), projected group velocity along the [1,0,0] direction and 
the mode relaxation time of magnon at the grid point q, respectively. 
The cq takes the form, 

cq =
1

NV
∂

∂T

⎛

⎜
⎜
⎝

ωq

exp
(

ωq
kbT

)
− 1

⎞

⎟
⎟
⎠,

where N is the total number of grid points in the reciprocal space; V is 
the volume of the unit cell; ωq is magnon frequency at grid point q, kb is 
the Boltzmann constant and T is the temperature. ωq, cq, vq are obtained 
from the calculated magnon dispersions (see SI note 2), which show 
great agreement with experimental data at 10 K (SI Fig. S3). 

The magnon thermal conductivity was obtained based on the lifetime 
calculated from the magnon linewidth. The magnon linewidths were 
obtained by fitting experimental and calculated (see SI note 2) one- 
dimensional dynamic structure factor S(E) slices at Q1 = (0.5,0.5,3) 
and Q2 = (1.75,1.75,1.75). The experimental data were fitted with a 
convolution of the resolution and the intrinsic lifetime broadening. The 
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resolution function is Gaussian and its linewidth, ΓG, includes contri
butions from the instrument energy and Q resolution. A Lorentzian 
function with its half-width half-maximum (HWHM), ΓL, is used for the 
intrinsic lifetime broadening. For 10 K, the fitted ΓL are 1.9 ± 0.5 and 
1.7 ± 0.8 meV and magnon intrinsic lifetime, τ = 1

2ΓL
, are 172 and 191 fs 

at Q1 and Q2, respectively. The results on magnon lifetimes are com
parable with previous measurements on ultrathin ferromagnetic films 
using spin-polarized high-resolution electron energy loss spectroscopy 
[60]. As suggested by Wu et al. [59], magnon lifetimes τq scale with ω−1

q 

in the presence of spin-phonon interactions, hence, τq can be approxi
mated by τq = τ0ω0/ωq, in which τ0 and ω0 are the magnon energy and 
lifetime at the top of the dispersion. Although NiO has two magnon ei
genmodes, they degenerate in a wide span of reciprocal space. The de
generacy is broken only in the vicinity of the magnetic zone center with 
magnon gaps of 4.3 and 0.6 meV [61,62]. In this case, the effect of the 
magnon gap on magnon transport was not considered. With specific 
heat, the projected group velocity and the lifetime obtained at 10 K, κm 
along [1,0,0] direction is calculated to be 0.2, 0.9, 1.3 W/ (m • K) at 100, 
300, 500 K respectively, as shown in Fig. 3 d. It should be noted that the 
temperature dependences of magnon τq and ωq are not considered in the 
present calculation and the κm should be treated as an upper limit 
because both τq and ωq decrease with temperature (Fig. 2). At 300 K, the 
magnon intrinsic linewidth ΓL are 5.7 ± 1.0 and 6.4 ± 0.8 meV and 
magnon intrinsic lifetime, are 58 and 51 fs at Q1 and Q2, respectively 
(Fig. 2 a,b). At 300 K, the calculated magnon thermal conductivity is 
around 0.3 W/(m • K) and much less than the upper limit. We estimated 
the κm between 10 and 500 K using temperature-dependent magnon 
energies and lifetimes, which are obtained from linear fittings of the 
experimental data at 10 and 300 K. As shown in Fig. 3 d, the estimated 

κm first increases from 10 to 320 K and gradually decrease above 320 K. 
The phonon thermal conductivity (κp) was calculated based on 3- 

phonon scattering with the single mode relaxation time (SMRT) 
approximation [55,56] (see Sec. 2.2.1). Phonon-isotope scattering due 
to the mass variance of isotope distributions was also considered (see 
Sec. 2.2.1). Phonon-defect scattering due to point defects was estimated 
by fitting TDTR data below 200 K (see Sec. 2.2.1). The calculated κp 

using SMRT approximation and direct solution of the linearized Boltz
mann transport equation (LBTE) shows little difference (SI Fig.S4). It 
should be mentioned that other calculational results of κp obtained by 
direct solution of LBTE with considered phonon-phonon and 
phonon-isotope scattering have recently been reported [35]. The re
ported κp is around 25 W/(m • K) at 300 K, much lower than our 
calculation (natural with defect, 31 W/(m • K)) and our measurement 
(30 W/(m • K)) shown in Fig. 3 d. The difference may arise from the 
different exchange-correlation functionals that were used (LDA in the 
present work, hybrid-PBE in Ref. [35]) and the difference in phonon 
dispersion (~7% in the total energy scale). Above 200 K, the calculated 
κp follows T−1 (Fig. 3 d), which is typical for nonmetallic materials in 
high-temperature regimes due to phonon-phonon interactions [63]. 

The calculated thermal conductivity of the phonons is much larger 
than that of the magnons in the AFM phase (Fig. 3 d). The total thermal 
conductivity is determined mainly by phonon transport. The huge dif
ference between κp and κm mainly results from the difference in cumu
lative specific heat, where the specific heat of magnons is about two 
orders of magnitude lower than that of phonons at 100 K (Fig. 3 b). Near 
and above TN, magnon lifetimes are expected to decrease drastically due 
to the loss of long-range spin order, and the thermal conductivity by 
magnon is also expected to be small. 

Fig. 1. Folded spectrums of the experimental and calculated INS dynamic structure factor S (Q,E). Data folding was done by integrating the intensity of INS over 100 
slices, which have data coverages greater than 70%, into an irreducible wedge. (a) Folded coherent one-phonon scattering S (Q,E) simulation at 10 K with the same Q 
integration configurations as experimental ones. (b–e) Experimental S (Q,E) at 10, 300, 540 and 640 K. Previous phonon dispersion measurements at 300 K [57] and 
calculated phonon dispersions are plotted in (c) as black dots and red curves, respectively. Thermal occupation corrections were applied to both the calculated and 
experimental data. 

Fig. 2. Temperature dependence of magnon energy 
at Q1 = (0.5,0.5,3) and Q2 = (1.75,1.75,1.75). (a, b) 
Fitting of the experimental data at Q1 and Q2 with a Q 
integration range of ±0.1 (r.l.u.). Red and blue circles 
are experimental data at 10, 300 K, respectively. 
Error bars denote statistical errors. Dashed lines are 
the fitting results (see text) by the Voigt function with 
fixed Gaussian linewidth obtained from the fitting 
magnon S (Q,E) calculation at 10, 300 K, respectively. 
The energy of the magnon decreases with tempera
ture. The green and purple squares are centers of the 
fitted peaks at Q1 and Q2, and the error bars denote 
the fitting errors.   
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TDTR measurements were performed on two NiO single crystals 
labelled NiO (I) and NiO (II) (see Sec. 2.1.2). TDTR is a transient method 
for thermal transport measurements whose experimental signals are 
proportional to thermal effusivity (

̅̅̅̅̅̅
κC

√
). The NiO (I) crystal has a flat 

thermal effusivity below 200 K. Above 200 K, the thermal effusivity 
decreases with temperature, and a small dip was observed at 523 K. 
Using values from the literature for the heat capacity versus temperature 
of NiO [32,44] (see SI Fig. S5), we estimate the thermal conductivity 
versus temperature from the experimentally measured thermal 
effusivities. 

The thermal conductivity of NiO (I) in the AFM phase depends 
strongly on temperature between 200 and 450 K κ decreases from 55 W/

(m • K) at 200 K to 17 W/(m • K) at 450 K. This corresponds to a tem
perature dependence of T−1.5 (Fig. 3c). At temperatures greater than 
550 K in the PM phase, the temperature dependence of the thermal 
conductivity is weaker. The thermal conductivity decreases with T−1.0 

above 550 K. The NiO (II) crystal has lower thermal conductivity with 
weaker temperature dependence (Fig.S11) because of a higher defect 
concentration than NiO (I). κ of NiO (I) in Fig. 3c is more representative 
of the intrinsic transport properties of NiO. 

We now compare our results to prior measurements of κ of NiO. Our 
data show a trend similar to previous results measured by Zhuze et al. 
using a pulse technique [31], see Fig. 3c. Both measurements show an 
overall decreasing thermal conductivity with temperature, with a dip 
around TN. Although our data are consistent with the results by Lewis 
et al. [32] below 200 K, the measured thermal conductivity is lower and 
shows a stronger temperature dependence from 200 to 450 K (Fig. 3 c). 
The discrepancy may be related to radiation heat loss in the steady-state 
longitudinal method used [32,64], see SI Fig.S6. Errors in thermal 
conductivity caused by heat loss from radiation are known to follow the 
T3 dependence [64]. We calculate the difference between our mea
surements and the steady-state results (Δκ) at 200–500 K and find it to 
be proportional to T3 (see SI Fig. S6). 

In Fig. 3d, we compare our experimental and theoretical predictions 

for the thermal conductivity. While the calculated κp (natural with 
defect) and the measured κ are in good agreement for T < 300 K, they 
diverge for T above room temperature. Experimental κ decreases more 
rapidly with T than theory can explain. The discrepancy between theory 
and experiment increases as T increases from 300 to TN = 523 K. Then, at 
temperatures above TN, the difference between experimental and theo
retical κ stays roughly constant at ~25%. In addition to disagreeing with 
our theoretical predictions for NiO, we note that a T−1.5 dependence for 
κ is different from other non-magnetic insulators with face-center-cubic 
crystal structure and similar phonon properties. For example, crystals 
such as MgO have a κ that is proportional to T−1 (SI Fig.S7) in the same 
temperature range. Therefore, we conclude that simple phonon-phonon 
scattering, or phonon-isotope and phonon-defect scattering, cannot 
explain the observed temperature dependence of NiO at 200–450 K 
(Fig. 3 d). We conclude that there is another temperature-dependent 
scattering term that affects transport at temperatures above 300 K. 

In kinetic theory, temperature effects on phonon transport can be 
reflected in two parts: changes in phonon energy and lifetime. On one 
hand, the shift in phonon energy affects thermal capacity (unless the 
temperature is well above Debye temperature) and group velocity, and 
thus thermal conductivity. From our INS measurements on poly
crystalline NiO, the measured phonon energies monotonically decrease 
with temperature for both TA and LA modes (Fig. 4 a, b), and for optical 
modes (SI Fig.S1). The softening of acoustic phonon energy with tem
perature was also observed via INS measurements on single crystal NiO, 
as shown in Fig. 4 c-e. With the assumption of isotropic and uniform 
softening of the phonon modes on heating, the phonon energy for the 
specific phonon mode i at temperature T can be approximated by 
ωi(T) = ω0i(1 − ηT), where ω0i is the phonon energy at 0 K, η is a 
positive coefficient representing softening of the acoustic phonon mode i 
and is obtained from linear fittings ω = ω0(1 −ηT) on the measured 
phonon energy (Fig. 4 a, b). The obtained ηTA and ηLA are 5.6 × 10−5 and 
4.5 × 10−5K−1meV−1, respectively. In the long wavelength limit, the 
group velocity for mode i can be expressed as vi = v0i(1 − ηT). The effect 

Fig. 3. Temperature-dependent experimental and 
calculated thermal properties of NiO. (a)Thermal 
effusivity of NiO (I) measured by TDTR. (b) Calcu
lated specific heat of magnons and phonons. The blue 
(red) curves indicate the calculated specific heat of 
the harmonic (anharmonic) phonons. The calculated 
specific heat agrees well with previously measured 
data around 400 K [32]. The black curve indicates the 
calculated specific heat of the magnon. (c,d) Experi
mental and calculated thermal conductivity. The blue 
squares show the thermal conductivity results for NiO 
(I) from the TDTR measurement. In panel (c), purple, 
green, yellow and pink labels show previous thermal 
conductivity measurements on NiO [30–32]. In panel 
(d), the blue (light blue) lines indicate the calculated 
thermal conductivity of phonon κp based on 3-phonon 
scattering of natural (pure) compounds. The κp of 
natural compounds includes the effect from 
phonon-isotope scattering due to the mass variance of 
natural isotope distributions. The red line shows the 
estimation of the κp by phonon-phonon, phonon-iso
tope, and phonon-defect scattering. The yellow line 
shows the κ′

p by acoustic phonon modes considering 
phonon energy shifts with temperature (see text). 
Data points are fitted using different temperature 
dependences as indicated by the black dotted lines 
(see text). In the inset, the black dashed curve in
dicates the calculated upper limit of κm and the solid 
curve shows the estimated κm from 
temperature-dependent magnon energies and life
times. The black cross labels indicate κm calculated at 
10 K and 300 K.   
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of phonon softening on mode thermal conductivity can be shown by 

ζi(T) =
ci(T)vi(T)

2

(ci(T)vi(T)
2
)|η=0

, where ci(T) = 1
V

∂
∂T

ω0i(1−ηT)

exp
(

ω0i (1−ηT)

kbT

)
−1

. 

Assuming that the phonon lifetime does not change, the thermal 
conductivity with temperature-induced acoustic phonon energy shifts 
was calculated as 

κ′

p(T) =
∑

qj
κp,qjζqj(η, T)

=
∑

qj
cp,qjv2

p,qj|η=0ζqj(η, T)τp,qj,

in which κp,qj represents the calculated mode thermal conductivity for 
specific phonon mode at point q for branch j, and the softening coeffi
cient η was set to be ηTA for all acoustic phonon modes. The group ve
locities (Fig. 1) and lifetimes (SI Fig.S2 a) of the acoustic phonon modes 
are much larger than those of the optical modes, and the acoustic 
phonon modes contribute more than 90% of the total thermal conduc
tivity at 300–700 K (SI Fig.S2 b). In this case, the κ′

p can be approximated 
by considering only acoustic phonons. As shown in Fig. 3 d, the κ′

p is not 
sufficient to explain the T−1.5 temperature dependence, although it was 
underestimated due to the exclusion of optical phonon transport, the 
approximation of group velocities in long wavelength limit, and the use 
of a large softening coefficient η for all acoustic modes. 

In our discussion above, we have ruled out phonon-isotope scat
tering, phonon-defect scattering, and phonon softening as explanations 
for the κ vs. T dependence of NiO. We now turn our attention to spin- 
phonon interactions that affect phonon lifetime. In magnetic in
sulators, magnon-phonon scattering (MPS) can also affect phonon 
transport. According to Matthiessen’s rules, the scattering rate for the 
specific phonon mode i is expressed by 

τ−1
p,i = τ−1

pp,i + τ−1
pi,i + τ−1

pd,i + τ−1
mp,i,

where τ−1
pp,i, τ−1

pi,i , τ−1
pd,i, τ−1

mp,i correspond to the scattering rate for phonon- 
phonon, phonon-isotope, phonon-defect, and magnon-phonon scat
tering processes. 

Spin-phonon interactions will have two effects on thermal transport. 

First, MPS (τ−1
mp,i) will reduce the phonon lifetimes. The single-mode 

acoustic phonon scattering rate can be expressed by τ−1
mp,i = nvsσ, 

where n is the density of scatters, vs is the speed of sound, σ is the 
scattering cross section [65]. In this simplified MPS model, the tem
perature dependences of σ can be described by σ = π(λ(T)/2)

2 [12], 
where λ(T) is the magnetic correlation length. We approximate the 
correlation length from the HWHM (Θme(T)) of magnetic elastic Bragg 
peak (Fig. 5 a) by λ(T) = 1/Θme(T). Noting that the λ(T) is under
estimated due to the instrument resolution in Q (~0.04 Å). For phonons 
scattered by magnon mode, n =

∫
nBE(E, T)gm(E)dE, where nBE is 

Bose-Einstein statistics, E is magnon energy and gm(E) is the magnon 
density of state. With a fixed vs, the normalized single phonon scattering 
rates τ−1

mp,i(T)/τ−1
mp,i(450 K) first increases slowly then dramatically from 

0 to 450 K (Fig. 5 b). The τ−1
mp,i at 200 K is only 8% of the τ−1

mp,i at 450 K, 
hence, the magnon-phonon scattering is less important at low temper
atures. At 200–450 K, τ−1

mp,i is of a higher order of T and can lead to the 
observed strong temperature dependence of thermal conductivity. We 
note that fully quantifying the contribution of MPS to thermal conduc
tivity requires a detailed calculation of the phase space and interaction 
strength (collision matrix) of MPS. This is beyond the scope of the cur
rent work. 

Second, spin-phonon interactions break the symmetry of the phonon 
system dynamically, leading to increases in the phonon-phonon scat
tering strength (τ−1

pp,i). Recently, we reported neutron scattering signa
tures of acoustic phonon eigenvector renormalizations in NiO [29]. The 
eigenvectors of transverse acoustic phonons are renormalized to a lower 
symmetry (as shown in SI Fig.S8), resulting in INS intensities ‘forbidden 
by symmetry’. The renormalizations are not caused by 
magnetostriction-induced static lattice distortion. Instead, they origi
nate from spin-phonon interactions, which dynamically break the 
symmetry of the phonons. Because the selection rules for 
phonon-phonon scattering depend on the symmetry of phonon eigen
vectors [66], eigenvector renormalizations could affect phonon trans
port. Generally, higher symmetry imposes more restrictions (additional 
selection rules) on the phonon-phonon scattering process, resulting in 
weaker phonon-phonon interaction strength and therefore higher ther
mal conductivity [66]. On the contrary, dynamic symmetry breaking of 

Fig. 4. Temperature-dependent phonon energy vari
ations from INS experiments. (a,b) Phonon energies 
from the phonon density of state INS measurements 
with incident neutron energy of 50 meV at 50, 280, 
450, 540 and 640 K. The experimental data have been 
corrected for by multiphonon scattering and thermal 
occupation. There are two distinct peaks around 25 
and 34 meV, corresponding to the (a) TA and (b) LA 
phonon modes. (c) Measured and calculated phonon 
energies for LA and TA modes along high-symmetry 
directions. Squares and cross markers represent 
phonon energies from the time-of-flight (measured at 
10, 300, 540 and 640 K) and triple-axis (measured at 
300, 450 and 650 K) INS measurements, and the 
corresponding colors denote temperatures. The q- 
resolved mode Grüneisen parameters are calculated 
based on quasi-harmonic approximation and indi
cated by the colored lines. Zone-folding modes that 
cannot be seen from INS experiments are shown in 
dashed lines. The fitting errors are smaller than the 
marker size. (d,e) Difference of the phonon energy 
from low to high temperature of the upper branch (d) 
and the lower branch (e). All phonon energies were 
extracted from Lorentzian fittings of the measured 
data, and error bars indicate fitting errors. The inco
herent INS scattering signals around 26 meV can 
cause slightly biased phonon energies, as denoted by 
grey boxes.   
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the phonon system leads to a stronger phonon-phonon interaction 
strength, and thus lower thermal conductivity in NiO. This effect is not 
included in the calculated κp due to its dynamic nature. 

Near TN (450–550 K), the kink in the heat capacity is a measure of the 
entropy in the lattice and spin system due to the phase transition. 
Because the measured thermal effusivity shows no kink there, the in
crease in heat capacity (caused by an increase in disorder through the 
phase transition) is compensated by a corresponding decrease in thermal 
conductivity. This suggests that the average phonon lifetime is inversely 
proportional to the disorder in the spin system. The dip in thermal 
conductivity is attributed to critical magnetic fluctuation-phonon scat
tering [67]. 

The measured thermal conductivity shows a weaker temperature 
dependence of T−1.0 above TN. It has been shown that the slight struc
tural distortion from magnetostriction hardly affects the thermal con
ductivity by phonon transport in NiO [35]. The measured κ is still lower 
than the calculated κp (natural isotope with defects) at 550–700 K, 
suggesting that the effects from spin-phonon interactions may still be 
significant above TN. This is expected because paramagnons (SI Fig.S3) 
and phonon eigenvector renormalizations [29] are observed in this 
temperature range. As a result, the effects from magnon-phonon scat
tering and spin-induced dynamic symmetry breaking do not vanish. 
Although there is no long-range spin order in this state, a short-range 
spin order exists and may give rise to the spin-phonon interaction. 
Suppression of thermal conductivity by spin-phonon interactions was 
also found previously in other materials in the PM state [10,68]. 

Generally, one would expect the melting of antiferromagnetic order 
to do one of two things to magnon-phonon scattering rates above the TN. 
Either, magnon-phonon scattering rates would saturate, i.e. stop 
increasing with temperature because the entropy in the spin system has 
been maximized. Or, magnon-phonon scattering would vanish due to 
the lack of antiferromagnetic order. If the magnon-phonon scattering 
rates saturate, i.e., τ−1

mp,i became temperature independent above TN, then 
the above expression for thermal conductivity predicts a T−n depen
dence with n < 1, like is observed in insulating crystals with significant 
crystalline disorder. Alternatively, if magnon-phonon scattering van
ishes due to the lack of spin order, then the thermal conductivity should 
recover. These seem contradict the observed temperature dependence. 
In the present case, we observed the existence of paramagnon above TN 
below 640 K (SI Fig.S3). This indicates that magnetic entropy is not yet 
maximized in this temperature range, and strong short-range spin cor
relations give rise to coherent paramagnons. The paramagnon-phonon 
scattering may contribute to the suppression of thermal conductivity 
above TN. 

Another possible mechanism for the observed temperature depen
dence above TN is that changes in the antiferromagnetic order lead to 
changes in phonon-phonon scattering rates. This could occur for several 
reasons. One possibility is spin-disorder effects bonding [69], which 
could lead to an increase in anharmonicity. To explore the effect of spin 

order on phonon anharmonicity, we calculated the phonon properties 
with ferromagnetic (FM) spin order to understand the effects of mag
netic order (see Method Sec. 4.2.1). The obtained phonon mode Grü
neisen parameters (SI Fig. S9) as well as temperature-dependent mode 
energies (SI Fig. S10) show only minor changes compared with those in 
the AFM state. However, we note that the temperature dependence of 
the INS measured phonon frequencies is higher near the TN than what 
our calculations for NiO in the AFM or FM state predict. Thus, the 
spin-phonon interaction on the phonon thermal conductivity can be 
indirect: melting of the spin order causes changes in phonon anharmo
nicity, which leads to larger phonon-phonon scattering rates in the PM 
vs. AFM phase. 

The TA, LA, TO, LO decrease in energy of 3%, 3%, 5%, 4% from 50 to 
640 K, respectively (Fig. 4 a,b & Fig.S1 c,d). We calculated the 3-phonon 
scattering phase space at 0 and 640 K and found that the phonon-phonon 
scattering phase space changes little (see Fig.S12). Therefore, 
temperature-dependent DFT such as molecular dynamics calculations 
shall not change the results significantly. 

4. Conclusions 

In summary, by performing INS and TDTR thermal conductivity 
measurements and atomistic thermal conductivity calculations, spin- 
phonon interactions are identified as the origin of strong temperature 
dependence of thermal conductivity in the AFM phase. Using the 
extrapolated magnon lifetime from INS measurements, the magnon 
thermal conductivity is estimated to be more than one order of magni
tude smaller than its phonon counterpart in the temperature range 
studied. In the AFM phase, the measured thermal conductivity at 
200–450 K shows a strong temperature dependence of T−1.5. We ruled 
out phonon-isotope scattering, phonon-defect scattering, and phonon 
softening as the source of the anomalous temperature dependence. The 
stronger temperature dependence is attributed to magnon-phonon 
scattering and spin-induced dynamic symmetry breaking. Our results 
provide a detailed study of thermal transport in this important material, 
highlighting the pivotal role of spin-phonon interactions in lattice 
thermal transport. Similar interactions and their effects may play sig
nificant roles in thermal transport in other materials where spin and 
lattice degrees of freedom are strongly coupled. The results shed light on 
controlling thermal transport through spin-phonon interactions and 
engineering functional antiferromagnetic spintronics materials through 
these interactions. 
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Fig. 5. Sketch of the phonon scattering rate in the 
MPS process. (a) One-dimensional S (|Q|) by INS 
powder measurements at 50–640 K with energy 
integration of ±2 meV. The elastic magnetic peaks 
show around 1.3 Å−1 and their intensities weaken on 
heating significantly, whereas elastic lattice peaks 
retain the same. (b) The inverse of the HWHM of the 
magnetic elastic Bragg peak 1/Θme(T) (green labels) 
and normalized phonon scattering rate τ−1

i (T)/

τ−1
i (450 K) (purple labels). Colored lines are guides 

for the eye.   
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