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Japan
2Molecular Photoscience Research Center, Kobe University, 1-1 Rokkodai-cho, Nada, Kobe
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The frequency-domain antiferromagnetic resonance (AFMR) of nickel oxide (NiO), known
as a typical easy-plane-type antiferromagnet, was investigated using a continuous-wave tera-
hertz spectroscopy technique. The field dependence of the AFMR mode was found to exhibit

distinct behavior, depending on the field orientation.

Nickel oxide (NiO) is a typical transition-metal-oxide antiferromagnet with a Néel tem-
perature of Ty = 525 K. Recently, NiO has gained considerable attention due to its capacity
for ultrafast manipulation of electron spins by ultrashort-pulse lasers.! The single crystal has
a face-centered rocksalt-type cubic structure in the paramagnetic phase. Electron spins of the
Ni?* ion in the antiferromagnetic phase are ferromagnetically aligned within the (111) planes,
which are stacked along the <111> axis alternately to form an easy-plane-type antiferromag-
netic order. On the basis of neutron scattering and X-ray experiments on single crystals, it is
now conceived that the easy axis within the (111) plane is along the <112> direction.?

Despite its simple crystal structure, the antiferromagnetic resonance (AFMR) spectra of
NiO have yet to be fully understood. In NiO, an AFMR mode was clearly observed around 1
THz*® (hereafter called the higher AFMR mode), and this higher mode was often analyzed
within the framework of the two-sublattice model.” In this model, the spin Hamiltonian is
composed of the exchange and anisotropy terms to reproduce the observed AFMR mode.
Anisotropy of the former exchange term plays a minor role in this model because the rhom-
bohedral distortion accompanied by the AF order is small. The magnetization measurement
suggests a spin-flop transition at 5 K, thus favoring the two-sublattice model.) On the other
hand, a total of five AFMR modes, incompatible with the two-sublattice model, were re-
ported as a result of optical measurements.””'V Thus, an alternative, eight-sublattice model

was proposed, in which the dipolar interactions play a vital role.” It should be also noted that
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single-crystalline NiO is usually composed of 12 magnetic domains called 7-domains and S -
domains: T-domains (7-T}) are related to the four (111)-associated planes, while S -domains
(S-S 5) are related to the three <112>-associated directions within each 7-domain.'?

From the viewpoint of antiferromagnetic spintronics,'*!¥ NiO has been considered a
promising candidate because of its high 7y and high AFMR frequency. Therefore, more
detailed insight into the magnetic structure of NiO is strongly desired for such forthcoming
applications. To this end, it is important to measure the field dependence of the AFMR modes,
from which microscopic parameters can be deduced. However, a comprehensive investigation
of the frequency-field diagram of NiO has not been performed. This is because AFMR modes
showing little field dependence, as is the case for NiO,* are difficult to observe in the con-
ventional setup in which the magnetic field is swept under the irradiation of monochromatic
electromagnetic waves.

To overcome this problem, a novel frequency-domain spectroscopy technique, which was
recently developed by our group,'> was applied to a single crystalline NiO in this study. In
this Short Note, we report for the first time the magnetic-field diagram of the higher AFMR
mode of NiO for three different field orientations in magnetic fields up to 10 T.

In our setup, continuous THz waves were generated by irradiation of THz beats composed
of two slightly detuned laser lights onto a photoconductive antenna. This technique allows
seamless frequency tuning in the range of 0.05-1.1 THz, thus giving higher resolution than
that obtained by THz time-domain spectroscopy. In AFMR spectroscopy, a sample is placed
at the magnetic field center, and the transmitted amplitudes of THz waves through the sample
are monitored as a function of frequency in a fixed magnetic field.

A (100)-oriented NiO single crystal was used in this study. The sample size was 10x10x5
mm?. All measurements were carried out at room temperature. The magnetic field depen-
dence of the AFMR mode was measured for three different field orientations along the spe-
cific axis: B//<100>, <110>, and <111>, where B is the applied magnetic flux density. The
crystal axes were carefully aligned using a specially designed sample holder, and the align-
ment errors were estimated to be less than a few degrees.

Figure 1 shows typical results of frequency-domain AFMR spectroscopy of NiO for the
respective field orientations. Since periodic oscillations of the photocurrent amplitude due to
optical interference were visible for B//<111> and <110>, they were filtered out using the
fast Fourier transform algorithm. A small dip observed at 1.1 THz was attributed to water
vapor absorption.

At zero magnetic field, a sharp dip was observed around 1 THz, in good agreement with
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Fig. 1. Room-temperature frequency-domain AFMR spectroscopy of NiO for (a) B//<111>, (b) B//<100>,
and (c) B//<110> in various magnetic fields. The data are vertically shifted for clarity. (Color online)
the previous reports.*® As the magnetic field increased, the AFMR mode for B//<111>
started to split into two branches, as shown in Fig. 1(a). One was almost field-independent,
while the other showed a quadratic shift to the high-frequency side. In contrast, no splitting
was observed for B//<100> and <110>, as shown in Figs. 1(b) and (c). In the former case,
the AFMR mode showed a slight increase, while a quadratic shift was observed in the latter
case. It should be noted that such a slightly field-dependent mode could be observed only
when the frequency-domain AFMR technique was adopted. We carefully searched for the
lower AFMR modes, but could not find corresponding modes below 0.6 THz. In Fig. 2, we
summarize the frequency-field diagram of NiO along the respective field orientations.
According to time-resolved Faraday measurements by Wang et al.,'® a similar splitting
of the higher AFMR mode was obtained for B//<111>, though the spectral resolution was
worse than our results. The magnetic field dependence of the lower AFMR modes was re-
ported from Brillouin scattering measurements.!” These results were analyzed on the basis
of the eight-sublattice model, in which exchange, dipolar, and cubic anisotropy terms were
taken into account. The significance of the dipolar interaction in NiO has been claimed for

decades, 829 although it has not been properly considered in the two-sublattice model. In the
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Fig. 2. Frequency-field diagram of NiO for (a) B//<111>, (b) B//<100>, and (c) B//<110>, obtained from

Fig. 1. Dotted lines are guides for eyes. (Color online)

eight-sublattice model, dipolar interaction plays an important role in the magnetic anisotropy,
so that distinct magnetic field dependences of the AFMR mode, different from those in the
two-sublattice model, are expected.

In the following, we compare our results with predictions from the eight-sublattice model.
The important point is that in the eight-sublattice model, some of the magnetic domains'?
become unstable upon application of a magnetic field and will be reoriented above a certain
magnetic field, depending on the field direction. In addition, there are three degenerate dou-
blets in the eight AFMR modes. The degeneracy of these doublets will be lifted for certain
field orientations.

The most interesting case is when the magnetic field is applied along the <100> axis.
A simulation'” showed that all of the domain structure for B//<100> finally becomes un-
stable and is forced to reorient to the <011> directions above 6.8 T. If this is the case, the
higher AFMR mode would show some anomalies around the corresponding field. Besides,
considering that the higher AFMR mode is composed of one singlet and one doublet in the
eight-sublattice model,” it would be likely that the higher AFMR mode shows some indica-
tions of field-induced splitting or broadening. However, neither was observed in our results,
as shown in Fig. 2(b), where the AFMR mode shows a small and monotonous shift. There-
fore, it seems that the eight-sublattice model alone does not entirely explain our results shown
above.

On the other hand, from an analysis based on the two-sublattice model, and taking all
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of the magnetic domains into account, a splitting of the higher AFMR mode is expected for
both B//<111> and <110>, which is inconsistent with the observed results. Thus, further

investigation is necessary to clarify the magnetic structure of NiO.
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