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Spin-phonon coupling in antiferromagnetic nickel oxide
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We report the results of ultraviolet Raman spectroscopy of NiO, which allowed us to determine the
spin-phonon coupling coefficients in this important antiferromagnetic material. The use of the
second-order phonon scattering and ultraviolet laser excitation (k ¼ 325 nm) was essential for overcoming the problem of the optical selection rules and dominance of the two-magnon band in the visible Raman spectrum of NiO. We established that the spins of Ni atoms interact more strongly with
the longitudinal than transverse optical phonons and produce opposite effects on the phonon energies.
The peculiarities of the spin-phonon coupling are consistent with the trends given by density functional theory. The obtained results shed light on the nature of the spin-phonon coupling in antiferromagnetic insulators and can help in developing spintronic devices. Published by AIP Publishing.
https://doi.org/10.1063/1.5009598

Nickel oxide (NiO) has been studied extensively for various applications ranging from electrochemistry to solar
cells.1,2 In recent years, NiO attracted much attention as an
antiferromagnetic (AF) insulator material for spintronic devices.3–11 Understanding the spin-phonon coupling in NiO is a
key to its functionalization and enabling AF spintronics’
promise of ultra-high-speed and low-power dissipation.12,13
The use of spin currents in spintronic devices instead of
charge currents in electronic devices is advantageous for
ultra-low energy dissipation.12,13 NiO occupies a special role
among spintronic AF insulator materials.4–9 Its high Neel
temperature, TN ¼ 523 K, allows for device operation in the
AF state at room temperature (RT) and above. The demonstrated coherent THz control of AF spin waves suggests a
possibility of ultra-high speed operation of NiO spintronic
devices. NiO has been used for spin-fluctuation mediated
transmission of spin current.3 Unlike in ferromagnetic (FM)
materials, an external magnetic field does not cause significant change in the static spin structure or spin wave excitations in NiO,14 which is a major benefit for spintronic
memory and logic applications.
However, despite its status as an exemplary AF insulator
and a benchmark material for the study of correlated electron
systems, little is known about the spin-phonon interaction
and the associated energy dissipation channel in NiO. This
gap in knowledge is explained by NiO optical selection
rules, high Neel temperature, and dominance of the magnon
band in the visible Raman spectrum, which precludes a conventional approach for investigating such an interaction. In
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addition, there is a long-standing controversy over the large
discrepancies between the experimental and theoretical values for the electron, phonon, and magnon energies in
NiO.15–25 It has been suggested that the spin-phonon interaction is likely behind this discrepancy, although no direct
proof has been offered. The importance of the knowledge of
the spin-phonon coupling in NiO goes beyond fundamental
science owing to its relevance to magnon damping in spin
wave devices.
The strength of the spin-phonon coupling in many FM
and AF materials, e.g., FeF2, MnF2, and NiF2, has been determined from the spectral position of the phonon peaks in the
Raman spectra taken over wide temperature ranges extending
below and above the Neel temperature TN.26–31 The deviation
of the phonon peak position below TN from the theoretically
predicted phonon anharmonic decay curve was attributed to
the effects of spin texture on the phonon energies.26–31 The
anharmonic decay dependence was obtained from theory fitting to experimental data points above TN. This conventional
method does not work for NiO for several specific reasons.
The first-order longitudinal optical (LO) and transverse optical (TO) phonons are not Raman active in rock-salt crystals.32
A weak rhombohedral lattice distortion in NiO below TN or
the presence of defects can make LO and TO phonons visible
in the Raman spectrum but their low intensity does not allow
for the extraction of the coupling strength. The second-order
LO and TO bands, denoted as 2LO and 2TO, have much
higher intensity but always appear within the large background of the second-order two-magnon (2M) band, which
does not permit an accurate phonon peak position analysis.15,16,21,33,34 Moreover, because the Neel temperature in
NiO is very high (TN ¼ 523 K), there is a limited temperature
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range above TN available for fitting to the anharmonic curve,
before irreversible structural changes start to happen to the
NiO crystal lattice.25 All of these factors together make the
study of spin-phonon interactions in NiO challenging.
We employed UV Raman spectroscopy, which allows for
the suppression of the 2M band, to overcome the above mentioned difficulties and determine the spin coupling with LO
and TO phonons. The single crystal NiO slab samples,
selected for this study, have the crystalline growth plane oriented in the [111] direction. The X-ray diffraction (XRD)
inspection confirmed their high quality. NiO has a two-sublattice AF crystalline structure consisting of FM aligned (111)
planes that are AF aligned with respect to each other.4,8,9 The
AF ordering of NiO is due to the super-exchange interaction
mediated by O orbitals.33 Above TN, NiO has a face-centered
cubic (FCC) structure with paramagnetic (PM) ordering,
while below TN, the NiO lattice is characterized by a weak
rhombohedral distortion.35
Raman spectroscopy (Renishaw InVia) was performed
in the backscattering configuration under visible (2.54 eV or
488 nm) and UV (3.81 eV or 325 nm) laser excitation. The
excitation laser power was limited to 2 mW to avoid any
possible effects on the sample surface due to local heating.
Spectra at different temperatures were measured with the
sample in a cold-hot cell with a constant flow of pure Ar gas
to avoid surface oxidation. The temperature, T, was accurately controlled at each step. The sample was heated or
cooled to a certain T and then maintained at that T for
10 min to ensure that the entire sample reached a constant
T. Figures 1(a) and 1(b) show the room temperature (RT)
Raman spectrum of NiO under visible and UV excitation.
The weak peaks observed in the range from 350 cm1 to
410 cm1 and from 520 cm1 to 580 cm1 are the TO and
LO phonon modes, respectively. The stronger second-order
peaks are assigned to 2TO (738 cm1), 2LO (1142 cm1),
and a combination of TO þ LO (913 cm1) phonon modes,
which is consistent with the literature.15,21,36 The spectral
positions are given for UV Raman spectra, which may deviate from those in visible Raman spectra due to the difference
in the probing phonon wave vector kp ¼ 4pfn/c and possible
resonant excitation effects for the compositional peaks (here,
f is the excitation frequency, c is the speed of light, and n is
the refractive index of the material at given frequency). The
probing phonon wave vector for UV laser excitation is
kp ¼ 0.124 nm1, which is approximately twice of that for
the visible. The second-order 2M peak around 1500 cm1 is
a dominant feature of the visible Raman spectrum. It originates from two Brillouin zone (BZ) edge magnons, likely X
or Z points, propagating with opposite momenta.19,37 There
are always substantial deviations in the measured and theoretically predicted energies of the 2M band, likely related to
the spin-phonon coupling. The most striking feature of the
UV Raman spectrum is the absence of the 2M band.
The suppression of the 2M band is likely related to the
resonant excitation effects. Our observation is in agreement
with the report of the absolute Raman scattering crosssection, S, in NiO.38 It was found that S experiences a maximum at the excitation energy of 2.1 eV and then rapidly
decreases by more than an order-of-magnitude for the excitation above 2.6 eV.38 The UV excitation energy that we
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FIG. 1. The room-temperature backscattering spectra are shown for (a)
488 nm and (b) 325 nm laser excitation. The labeled spheres indicate the
position of the first-order and second-order Raman peaks.

selected (3.81 eV) is close to the NiO optical bandgap energy
EG ¼ 3.80 eV measured by the reflectance studies.39,40 The
exact EG value is a non-trivial question for NiO since the
reported energies vary from 3.5 eV to 4.3 eV.39–41 Matching
the resonant band-to-band transition increases the light
absorption while simultaneously enhancing the phonon
Raman peaks near the C point. The increased light absorption leads to decreased penetration depth and reduced interaction volume, which, in turn, translates to the smaller peak
intensities unless compensated by the resonant enhancement.
The resonant conditions for the C-point 2LO phonons and
the BZ-edge 2M band19,37,42 can differ, which may affect the
Raman intensities. The excitation of the electron–hole pairs
due to light absorption can also influence the scattering processes. The important consequence for the present work is
that the absence of the strong 2M background allowed us to
accurately determine the 2LO and 2TO band temperature
dependence.
To elucidate the spin-phonon interaction in NiO, we
conducted UV Raman spectroscopy for temperatures below
and above TN. Figures 2(a) and 2(b) show the evolution of
2TO and 2LO peaks over a wide temperature range. We
were careful to keep the temperature below 700 K to avoid
any irreversible structural changes with the material.25
Below TN, the phonon peak position is affected by the AF
spin texture.43 Thus, in order to determine the strength of the
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factors, k, for TO and LO phonons as 7.9 cm1 and
14.1 cm1, respectively. The AF spin texture in NiO results in
substantial softening of the TO phonon and hardening of the
LO phonon. For comparison, the spin-phonon coupling in NiO
is substantially stronger than that in other common AF materials such as MnF2 (k ¼ 0.4 cm1),26 FeF2 (k ¼ 1.3 cm1),26 or
ZnCr2O4 (k ¼ 3.2 cm1, –6.2 cm1)46 although not as strong
as in NaOsO3 (k  40 cm1)47 and CuO (k  50 cm1),48
which is perhaps the strongest reported to date. The measured
spin-phonon coupling is for the AF direction of NiO. It is
expected that this value will not change substantially for other
directions.49 In order to rationalize the obtained experimental
results and understand if the strong spin-phonon coupling can
be behind the observed discrepancy in the experimental and
theoretical data for the phonon energies, we calculated the full
phonon dispersion of NiO using ab initio density functional
theory (DFT). Additional details of the calculations are provided in the supplementary material.
Figures 3(a) and 3(b) show the phonon dispersion of AF
NiO and non-magnetic NiO (i.e., no spin ordering), respectively. The calculations were performed for the primitive cell
containing two Ni atoms and two O atoms. The corresponding BZ is shown in Fig. 4(a). The x-axis labels in Figs. 3(a)
and 3(b) are in the basis of the reciprocal lattice vectors
of the AF primitive cell shown in Fig. 4(a). We used the

FIG. 2. Temperature dependence of the frequencies of the second-order (a)
2TO and (b) 2LO Raman-active phonons in NiO. The spheres indicate all
measured Raman peaks at different temperatures whereas the lines show the
theoretical anharmonic trend for NiO fitted for the experimental data points
above TN. The difference of Raman peaks and anharmonic lines at low temperature is directly proportional to the spin-phonon coupling constant. Note
that the spin-phonon coupling produces an opposite effect on the TO and
LO phonon energies in NiO.

spin-phonon coupling, one needs to separate it from the baseline temperature dependence due to the crystal lattice anharmonicity. The anharmonic dependence of the phonon
frequency is given within second-order perturbation theory
hxð0Þ

as,44,45 xA ðT Þ ¼ xð0Þ  Að1 þ 2=ðe2KB T  1ÞÞ, where A and
x(0) are the fitting constants, while xA(T) is the phonon
frequency determined by the anharmonicity alone. The experimental data points at temperatures T > TN, where NiO
becomes PM, but lower than 700 K, are those that should
be used for fitting with the goal of determining the anharmonic phonon decay baseline. One can see that there is a significant deviation of the experimental data points below TN
from this dependence, indicating a strong spin-phonon coupling in NiO.
The renormalized phonon frequency, xR , due to the spindependent effects is given as26,28,46 xR ¼ x0 þ k hSi  Sj i.
Here, x0 denotes the phonon frequency in the absence of spin
correlations, and hSi  Sj i is the spin-spin correlation function
of the adjacent spins. For T > TN , the spin correlation function approaches to zero, terminating any spin-phonon effect in
the paramagnetic phase, i.e., xR ! x0 . Hence, the spinphonon coupling constant k is proportional to the difference
in the frequency between the two phases, Dx ¼ ðxR  x0 Þ:
From this deviation, we calculated the spin-phonon coupling

FIG. 3. (a) Phonon dispersion of NiO with AF spin texture. The spheres
show the position of the measured UV Raman peaks. The TO0 mode is a
zone-folded manifestation of TO-like mode at k ¼ (0.5, 0, 0.5). (b) Phonon
dispersion of NiO without spin texture. The blue and red arrows show the
frequency shift, D, of the LO and TO phonon branches when AF spin ordering is included.
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FIG. 4. (a) The AF primitive cell consisting of 2 Ni atoms (gray spheres) and 2
O atoms (red spheres), and corresponding Brillouin zone used for the calculations of Figs. 3(a) and 3(b). The green arrows indicate the BZ path direction.
(b) The unit cell resulting from doubling the AF primitive cell and corresponding Brillouin zone. (c) The phonon dispersion resulting from the AF unit cell in
(b). The zone-folding of the TO0 mode is apparent at C. Note a good agreement
between the theory and experiment when the spin-phonon coupling is included.

non-orthogonal primitive unit-cells to reduce the number of
atoms and required computation time in DFT calculations.
We identify the first-order TO and LO modes from the corresponding atomic displacements. The positions of the experimental Raman peaks are indicated by the spheres. At the C
point, the calculated frequencies of the slightly split TO
mode are 360 cm1 and 367 cm1. The calculated TO mode
splitting at the C point of 7 cm1 depends on the BZ direction, and it is close to literature values.43,50 The calculated
frequencies of the LO0 and LO modes are at 535 cm1 and
571 cm1, respectively. Three of the calculated C-point phonon energies agree well with the UV Raman peaks, while the
TO0 Raman peak at 413 cm1 has no corresponding calculated energy at C. A comparison of the calculated LO and
TO frequencies in Figs. 3(a) and 3(b) shows that the inclusion of AF spin texture hardens the LO phonon (increases
the frequency) and softens the TO phonon (decreases the frequency). The calculated relative shift, Dx, is 60.5 cm1
and 146.2 cm1 for TO and LO phonons, respectively.
Hence, we expect that the spin phonon coupling of the LO
phonon will be, approximately, two times larger in magnitude than that of the TO phonon, and the signs of the shifts
will be opposite, specifically negative for the TO phonon and
positive for the LO phonon. These trends in relative
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magnitudes and signs are consistent with the experimental
results [see Figs. 2(a) and 2(b)]. Our experimental results
and ab initio calculations prove that inclusion of the spinphonon interactions is essential for an accurate description of
the phonon frequencies in NiO.
The experimental TO0 peak is absent in the DFT spectrum shown in Fig. 3(a); however, its source is indicated by
the arrow. To better understand this feature, we double the
size of the primitive cell in Fig. 4(a) to obtain the unit cell
and corresponding BZ shown in Fig. 4(b). Performing the
same phonon dispersion calculation for AF NiO with this unit
cell gives the phonon dispersion shown in Fig. 4(c). The xaxis labels are in the basis of the reciprocal lattice vectors of
the BZ in Fig. 4(b). We now observe that the experimental
TO0 mode aligns with the calculated degenerate mode at C.
To analyze this energy, we write the reciprocal lattice vectors
of the larger unit cell in terms of those of the primitive
unit cell to obtain g0a ¼ 12 ðga þ gb Þ, g0b ¼ 12 ðga þ gc Þ and
g0c ¼ 12 ðgb þ gc Þ. The k-point denoted as [0.5, 0, 0.5]
¼ 12 ðga þ gc Þ in Figs. 3(a) and 3(b) lies at the center of the
small face of the BZ in Fig. 4(a), and it is equal to g0b in Fig.
4(b). Since the reciprocal lattice vectors correspond to equivalent C points, this k-point appears at C in Fig. 4(c). Thus, the
calculated modes at the TO0 frequency originate from the
center of the six small faces of the BZ of the AF primitive
cell. An analysis of the atomic displacements of this mode
shows that they are similar to the atomic displacements of the
TO peak (see supplementary material, video). The theoretical
approach can be further refined by calculating the phonon dispersion of the true PM phase NiO, which has random spin
texture, and comparing the results with the AF phonon dispersion. This is a costly endeavor reserved for future study.
We now provide details of the extraction of the spinphonon coupling coefficient, k. It is calculated from the
temperature-dependent UV Raman spectra. The frequency
shift due to the spin-phonon coupling is given by Dxspph
¼ kS2 /ðT Þ ¼ khSi  Sj i, where / is the short-range order
parameter and Si represents the spin of Ni atom site i. As the
temperature goes beyond Neel temperature, TN, the shortrange spin ordering hSi  Sj i quickly falls off. The calculation
of /, using the mean field theory and the two-spin cluster
theory, is already reported for S ¼ 2 (FeF2) and S ¼ 2.5
(MnF2).26 Besides, prior results of / of S ¼ 2 have been used
as a reasonable estimate of / for S ¼ 1 (Ni2þ in NiF2),28
mainly because / does not change much with S. In our case,
we make use of / for Ni2þ, to extract the spin-phonon coupling factor, k, in NiO using the expression
k ¼ 

xR ðTlow Þ  xA ðTlow Þ

:
/ðTlow Þ  /ð2TN Þ  S2

Here, xR ðTlow Þ is the observed Raman peak at the lowest
temperature (Tlow  80 K) and xA ðTlow Þ is the anharmonic
prediction of that Raman peak at T ¼ Tlow. According to the
above equation, the calculated spin-phonon coupling factors,
k, for 2TO and 2LO modes are 15.7 cm1 and 28.2 cm1.
We divide the obtained k of 2TO and 2LO by two, to get the
k for TO and LO modes, respectively. Since the secondorder order peaks (2TO and 2LO) are more prominent in
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Raman spectra, we use them to extract k of TO and LO
modes.
In conclusion, we determined the spin-phonon coupling
in NiO using UV Raman spectroscopy. The coupling coefficients for TO and LO phonons in NiO were determined to be
7.9 cm1 and 14.1 cm1, respectively. Ab initio calculations confirm that inclusion of spin texture is essential for
obtaining the correct phonon energies and explaining the discrepancy in the data for NiO.15–25,35,51–53 Our results have
important implications for AF spintronics. Strong spinphonon coupling provides a mechanism for optimizing spin
wave propagation by tuning the phonon dispersion via geometrical confinement and strain. The knowledge of spin coupling to specific phonon polarizations can be important for
minimizing the spin-wave damping.
See supplementary material for details of the DFT calculations; Raman spectrum analysis; and phonon mode assignments. The supplementary videos show vibrational modes in
NiO.
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