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Tailoring THz antiferromagnetic resonance of NiO by cation substitution
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Antiferromagnets generally have a quite high magnetic resonance, as known as the antiferromagnetic

resonance, whose frequency goes up to the THz range. They are one of the few materials that can magnetically
couple to THz electromagnetic waves and are therefore important materials for THz technologies. In this
work, we demonstrate that the THz resonance properties, such as resonant frequency and the Q factor, of
antiferromagnetic NiO can be controlled over a wide range by substituting the Ni** cation with various different
cations. Our discussion extends to the trends of how different substitute cations Mn>*, Li*, and Mg>* impact
the resonant properties, which suggests a guideline for designing antiferromagnetic THz materials.
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Antiferromagnets are considered key THz materials owing
to their magnetic resonant frequency in THz range [1,2].
While ferromagnetic materials are now widely used in passive
microwave components in a GHz range, such as inductors
and microwave absorbers [3], antiferromagnets can likewise
find a great use in similar passive components in a THz
range foreseeing the post 5G technology [4]. Moreover, re-
cent theoretical and experimental efforts in antiferromagnetic
spintronics [5,6] push forward the development of active THz
devices, such as ultrafast memory devices [7] and THz spin
oscillators [8,9]. NiO is one of the prototypical collinear an-
tiferromagnets and is regarded as a charge-transfer type insu-
lator [10,11]. It has been historically and widely investigated
in both physics and application points of view [12—19]. The
crystalline and magnetic structure are illustrated in Fig. 1(a).
It has a rock-salt structure (point group: m3m) above the Néel
temperature 7y = 523 K and it sustains a slight rhombohedral
distortion when the antiferromagnetic order emerges below
Ty (point group: 3m). In the ground state below Ty, the Ni**
spins align ferromagnetically in a {111} plane and antiferro-
magnetically coupled between adjacent {111} planes due to the
superexchange of the Ni 3d orbitals through the O 2p orbitals
[20]. This preferential orientation of spins results in a strong
magnetic easy-plane anisotropy in a {111} plane and a weak
three-fold in-plane anisotropy in the (112) directions in the
{111} plane [16].

In contrast to the magnetic structure, the electronic struc-
ture is still elusive and is a long-standing debate in theoretical
condensed matter physics [10-13,17]. Nevertheless, it is em-
pirically known to be a wide-gap p-type semiconductor (the
bandgap of ~4.0 eV [21]) with excellent chemical stability.
Its electrical and chemical properties attract the interest of
various applications, such as highly efficient hole transport
layers for organic solar cells [22] and ultraviolet optics [23].
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A wide variety of ionic elements have been doped into NiO
to tailor the electric properties as well as the bandgap. For
instance, it has been reported that substituting the Ni’** site
with a monovalent cation, such as Li™, further increases the
hole conductivity [24,25]. On the other hand, Mg>* doping
increases the bandgap associating with expansion of the lattice
parameter [26,27].

Despite extensive explorations of electrical and magnetic
properties in pure NiO as well as those composite systems
since the early days, there has been little study particularly
focusing on the effect of various dopants on the antiferro-
magnetic resonance properties [28,29]. Considering the strong
correlation of magnetic and electric properties in this material,
it is expected that doping with various ions would bring about
rather drastic influences on antiferromagnetic dynamics. Is
it also interesting and quite useful in the practical point of
views mentioned above, if one can tailor the antiferromagnetic
resonant frequency as well as the Q factor of the resonance,
and find a design guideline for developing the THz materials.
In this report, we investigate the antiferromagnetic resonance
properties in the cation substituted NiO of Ni;_,M,0 (M =
Mn, Li, or Mg). It is shown that the cation substitution
enables a wide range control of the antiferromagnetic resonant
frequency as well as of the Q factor. We also discuss distinct
effects of the magnetic doping (Mn”*), nonmagnetic doping
(Mg?*), and hole doping (Li'*) on the antiferromagnetic
resonance properties.

The antiferromagnetic resonance frequency w, is described
as [30,31]

2HgHy, (D

wy =Yy

where y = 1.76 x 10" T~'s~! is the gyromagnetic ratio,
Hg is the molecular field due to the exchange interaction
between the magnetic sites, and Hy is the magnetic anisotropy
field. Here, we assume that Hg >> Hy with the typical values
for antiferromagnet Hr ~ 1000 T and H4 ~ 1T. Because the
large Hr comes into play in the resonant frequency, the
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FIG. 1. (a) Crystalline and magnetic structure of NiO with a cation substitution indicated with the red ion. (b) Schematic illustration of the
THz transmission measurement on an antiferromagnet sample. Persistent magnetization dynamics is excited at the antiferromagnetic resonant
frequency and therefore the THz waves are absorbed. The x-ray diffraction for (c) Ni;_,Mn,O, (d) Ni;_,Li,O, and (e) Ni;_,Mg,O. Peaks due
to the pure NiO are indexed. Other peaks labeled by * are due to impurity phases of MnNi,Oy.

antiferromagnetic resonance occurs at much higher frequency,
i.e., ~THz, than the ferromagnetic resonance (~GHz), which
is determined only by Hy [32]. For a pure NiO, the resonant
frequency is typically observed around 1 THz [14,18,33,34].
In a general definition, the Q factor Qis obtained by

Q= w/Aw, @)

where the linewidth Aw is the full width at half maximum of
the resonant absorption peak.

Sintered pellet samples of Ni;_,M,0, employed in the
experiments, were made from mixtures of NiO, MnO, Li,0,
and MgO powders (purity 99.97% and the average grain size
of 7 um). The composition of each sample was controlled by
adjusting the amount of the powders to the target ratio. The
powders were mixed in a mortar for 30 min and prefired at
1473 K for 3 h. The sample was milled again in a mortar
for 30 min and uniaxially diepressed with a force of 750 kgf
applied onto 100 mm? to form a ~5-mm-diameter and ~3-
mm-thick pellet. The pellet was then sintered at 1773 K for 2 h
in air to solidify. THz wave transmission through the samples
was measured by using a frequency domain continuous wave
(CW)-THz spectroscopy system [18] capable of scanning up
to w = 2 THz with the frequency resolution <10 MHz as the
schematic illustration is shown in Fig. 1(b). The absorption
peak due to the antiferromagnetic resonance is expected in the
transmission spectra. Sample temperature during the measure-
ment can be controlled between 77 and 450 K. We apply no
magnetic field in the measurements. Magnetic susceptibility
measurements were performed as a function of temperature in
order to determine the Néel temperature 7. X-ray diffraction
was performed with the Cu Ko« radiation to characterize the
crystalline structure at room temperature.

The x-ray diffraction shown in Figs. 1(c)-1(e) indicates
that a single phase of the NiO structure (point group: 3m)
is maintained with up to x = 0.20 except for the case of
Ni;_,Mn,O samples. For the Mn2* substitution, the sec-
ond phase identified with MnNi,O,4 spinel, labeled as * in
Fig. 1(c), appears with x > 0.05. While no appreciable vari-
ations in the lattice parameter of the NiO crystalline phase
were seen in the Ni;_,Mn,O and the Ni;_,Li, O samples, the
lattice contraction of 0.2% with x = 0.20 is observed for the
Ni;_,Mg,O samples [see the inset of Figs. 1(c)-1(e)], which
is in agreement with the previous reports [26,27].

Figure 2 shows the transmission spectra of the THz waves
as function of frequency and temperature. A sharp absorption
at about 1.1 THz at 77 K is clearly seen in the sample
with x = 0.00, indicating the antiferromagnetic resonance are
excited at that frequency at that temperature. The resonant
frequency gradually decreases with increasing the tempera-
ture with fairly good frequency tunability 1~0.8 THz in the
temperature range of 77~450 K. The effect of the cation
substitution is quite obvious in the resonant frequency. There
is a tendency of decreasing the resonant frequency with
increasing x for all the samples and the absorption peaks
eventually fade out with large x. It is worth noting that the
THz transmission for the Ni;_,Li,O samples rapidly drops
at a high frequency because the Li* substitution increases
the electrical conductivity and therefore increases the re-
flectivity for the electromagnetic wave due to the skin ef-
fect. As the conductivity further increases with temperature,
the significant reflectivity hinders the absorption peaks at
higher temperature. Nevertheless, the absorption at 300 K is
still clearly visible (see also Fig. 5 for frequency scanned
spectra).
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FIG. 2. Transmission of the THz wave as functions of fre-
quency and temperature for (a) Ni;_,Mn,O, (b) Ni,_,Li,O, and (c)
Ni;_,Mg,O with various x.

From the temperature dependence of the resonant fre-
quency shown in Fig. 3, the resonant frequency at 0 K,
wy, representing the intrinsic resonance of the system can
be estimated by the equation [14,15,18] w, = wo(M{(T))"

with a given Ty, where M((T') is the normalized sublattice
magnetization computed by the Brillouin function Bs_;(T)
and n is the empirical exponent [18]. Here, we fit the data with
the equation by setting wy and n the fitting parameters with
Ty obtained from the susceptibility measurements (see the
Supplemental Material [35]). We note that n = 0.72 [18] fits
very well for Ni;_,Li,O and Ni;_,Mg,O while n = 0.61 was
obtained for Ni;_,Mn, O. Figure 4 summarizes w, and Ty as a
function of x. As one already perceived in Fig. 3, both wy and
Ty monotonically decrease with x except for the Ni;_,Mn, O
sample with the highest substitution of x = 0.10, which could
be associated with the emergence of the MnNi,O4 phase. In
the following paragraphs, behaviors of wy and Ty and their
correlation will be discussed in more detail for each cation
substitution. According to Eq. (1) (with wy = w,), the anti-
ferromagnetic resonant frequency is determined by the two
magnetic parameters, Hy and Hg. Given that the crystalline
symmetry and the coordination numbers are barely changed
with the doping, we can presume that Hg is proportional
to Ty in the framework of the molecular field theory [20].
Therefore, the obtained 7y variation can be directly mapped
to the variation of Hg.

In the case of the Ni;_,Mn,O samples with 0.00 < x <
0.08, wg decreases with x more rapidly than Ty. wg decreases
at the rate of 24% while Ty decreases at the rate of 6% in
0.00 < x < 0.08. Considering the square root on Hg (= Ty) in
Eq. (1), the decrease of wy is influenced more by a reduction
of the anisotropy field H4 with increasing x rather than the
reduction of Ty. The main effect of the Mn2* substitution on
the antiferromagnetic resonance is thus the reduction of the
magnetic anisotropy of the NiO. The frequency tunability with
respect to x is found to be the largest among all the sample
wo/x =2 x 3.2THz in 0.00 < x < 0.08. In the case of the
Ni;_,Li, O samples, both wy and Ty only slightly decrease at
the similar rate with 9% for wy and 7% for Ty in 0.00 < x <
0.20. Based on Eq. (1), this basically suggests that both the
weakening of Hg and the reduction of the anisotropy field Hy
almost equally contribute to the wg reduction. The frequency
tunability is found to be the smallest wy/x = 27 x 0.4 THz in
0.00 < x < 0.20. In the case of the Ni;_,Mg,O samples, wy
and Ty decrease more rapidly than the ones for the Ni;_,Li,O
samples. The decrease rate was 30% for wy and 22% for
Ty in 0.00 < x < 0.20, suggesting in the same way as the
Ni;_,Li, O case that both Hr and H, reductions contribute to
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FIG. 3. Temperature dependence of the resonant frequency for (a) Ni;_,Mn,O, (b) Ni;_,Li, O, and (c) Ni;_,Mg,O with various x.
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FIG. 4. wy/(27) and Ty as a function of composition x for (a) Ni;_,Mn,O, (b) Ni,_,Li,0, and (c) Ni,_,Mg,O.

the w( reduction. The large decrease rate of Ty, or Hg, can
be explained by the drastic weakening of the superexchange
interaction by Mg?* substitution due to suppression of the
electron orbital correlation between the atomic sites [27]
which can originate from the lattice contraction [29] [see
Fig. 1 (e)]. The frequency tunability is found to be wy/x =
2m x 1.6 THz in 0.00 < x < 0.20.

Lastly, we discuss the Q factor of those samples. Figure 5
displays the transmission spectra as a function of frequency
at 300 K. While a little increase in the linewidth Aw with
increasing x [see Fig. 5(d)] for the Ni;_,Li,O and Ni;_,Mg,O
samples, the significantly large broadening of Aw with respect
to x is observed for the Ni;_,Mn,O samples. In accordance
with the x dependence of Aw, the Q factor evaluated by
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FIG. 5. The transmission spectra at 300 K for (a) Ni;_,Mn,O,
(b) Ni;_,Li, O, and (c) Ni;_,Mg,O. The arrows indicate the position
of the absorption peaks (d) Aw/(27) and the Q factor as a function
of composition x. (<>) denotes the pure NiO. The dotted curves are a
guide for the eye.

Eq. (2) is the smallest with the Mn”* substitution among all
the samples and decreases rather drastically with increasing
x. In general, the linewidth, or the Q factor, of the magnetic
resonance can vary due to various spin relaxation mechanisms
that may be intrinsic to the materials or may be extrinsic by
magnetic inhomogeneity of the material, distribution of the
magnetic anisotropy, etc. [18]. One possible mechanism of
the Q factor degradation in the Ni;_,Mn,O samples could
be due to the introduction of the magnetic inhomogeneity
by a different species of the magnetic ion, i.e., Mn?*. The
influence of the parasitic MnNi,O4 spinel phase should also
be considered for the linewidth broadening. More in-depth
physical understanding of the antiferromagnetic damping,
leading to the resonant linewidth and the Q factor, requires
a development of microscopic spin relaxation theories similar
to those for ferromagnets [36,37].

In summary, we investigated the antiferromagnetic reso-
nance in the cation-substituted NiO of Ni;_ M, O (M = Mn,
Li, or Mg). We show the wide range tunability of the resonant
frequency as well as the Q factor by the magnetic doping
(Mn?* substitute), the nonmagnetic doping (Mg?* substitute),
and the hole doping (Li™ substitute). We discussed the trends
of how those different dopings impact the antiferromagnetic
resonance properties, which will be appreciated as a design
guideline for THz materials adapting to various types of appli-
cations such as THz microwave absorbers and filters where the
control of w, and Q factor is important. Moreover, our work
presented here should stimulate more extensive exploration
of antiferromagnets as THz materials from both experimental
and theoretical sides. In particular, we expect extended ab
initio studies [38] to address and predict properties of both the
electric and the THz magnetic dynamics and their correlations
in those doped antiferromagnetic oxide systems. Our work
with those perspectives opens up a different avenue of study
on antiferromagnetic THz materials.
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