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Advances in communication technology have moved carrier frequencies to the terahertz (THz) regime
where the conventional microwave technologies and materials cannot work as their physical properties no
longer respond to such frequencies. Antiferromagnets are materials whose magnetic properties respond
and interact with THz-frequency electromagnetic waves. Phenomenologically, the response frequency is
readily determined by the exchange energy and the magnetic anisotropy. In this paper, we revisit the
antiferromagnetic resonance frequency of NiO, an archetypical antiferromagnetic material, and study the
effect of cation doping (such as Li, Na, Be, Mg, Mn, Fe, and Zn) on its resonance frequency by first-
principles calculations. The cation-dependent tunings of the exchange constant and magnetic anisotropy
are demonstrated, with the resonance frequency varying from a minimum of 0.77 THz by Li doping to
a maximum of 1.60 THz by Fe doping, referenced to a value of 1.20 THz obtained for pure NiO. Our
findings encourage exploring of antiferromagnetic materials for future THz spintronic applications.
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I. INTRODUCTION

Recent vigorous experimental and theoretical studies
have revealed that, against the stereotypical belief that anti-
ferromagnets are useless [1], they are actually a prime
material for advancing spintronics technology [2]. For
example, antiferromagnets can be used in the implementa-
tion of ultrahigh-density and high-speed magnetic memo-
ries by exploiting their intrinsic magnetic properties, i.e.,
no net magnetization and ultrafast spin dynamics along
with various spintronic effects such as magnetoresistance
[3–6] and spin-torque effect [7–10].

An interesting feature of antiferromagnets is their poten-
tial application as terahertz (THz)-frequency magnetic
material. This is because their magnetic resonance typ-
ically occurs in the THz-frequency range, making them
useful for next-generation communication technologies
[11–13]. The antiferromagnetic resonance frequency is
given phenomenologically as [14,15]

ωr = γ
√

2HEHA, (1)

where γ = 1.76 × 1011 T−1 s−1 is the gyromagnetic ratio,
HE is an exchange field, and HA is a magnetic anisotropy
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field. Typical values of HE (approximately 1000 T) and
HA (approximately 1 T) make ωr in the order of THz. In
practical applications, it is desired that ωr is tunable. Very
recently, Moriyama et al. experimentally investigated the
antiferromagnetic resonance of NiO by using THz trans-
mission measurement and found that the value of ωr can
be modulated when NiO is doped with cations (Li+, Mg2+,
and Mn2+) in the 0.7–1.1 THz frequency range, where
the variation of ωr depends on the cation composition and
most significantly on the cation species [16]. Ohkoshi et
al. and Namai et al. also reported that a hematite ε-Fe2O3
exhibits a relatively low frequency of approximately 0.2
THz when doped with Ga [17] and Rh [18] cations. Wider
tunability has been demonstrated in α-Fe2O3 with cation
dopants in 0.21–0.95 THz frequency range by utilizing a
characteristic variation of ωr, which is associated with the
magnetic phase transition temperature, often called Morin
temperature [19].

These pioneering experiments demonstrated the wide
tunability of resonance frequency in antiferromagnetic
insulators doped with cations [16–19]. It was also reported
that the resonance linewidths, characterizing the mag-
netic damping, can be modulated by intrinsic and extrinsic
mechanisms in mono- and polycrystallinities [20] and by
the interfacial effect [21]. A magneto-optical measurement
for ultrathin film of yttrium iron garnet have observed that
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even for the same sample, the extrinsic contribution to the
linewidth varies depending on the orientation of the sam-
ple, namely Faraday geometry and Voigt geometry [22]. In
Eq. (1), the value of ωr depends on HE and HA, where dop-
ing impurity may affect either HE or HA, or both. Despite
HE � HA, these effective fields contribute equally to the
ωr value since both are square rooted. For example, in Ref.
[16], ωr decreases as the composition of Mn dopants in
NiO increases. This is due to the decrease in HA. When
NiO is doped with Li and Mg, ωr decreases due to the
decrease in both HE and HA. However, there is a lack of
theoretical understanding regarding the impact of dopants
on HE and HA, despite being very useful for establishing a
guide of controlling ωr based on theoretical principles.

In this paper, we theoretically investigate cation dop-
ing effects on ωr in typical antiferromagnetic NiO. The
exchange constant and the magnetic anisotropy in pure
(nondoped) and cation-doped NiO are calculated from
first-principles calculations, and the effective fields HE
and HA are derived. The magnetic anisotropy is obtained
from the sum of the anisotropy caused by the magnetic
dipole-dipole interaction (MDIA) and the magnetocrys-
talline anisotropy (MCA). The cation dopants of s elements
(Li+, Na+, Be2+, and Mg2+) and 3d elements (Mn2+, Fe2+,
and Zn2+) are considered, and the chemical tendency of
ωr is discussed. The calculations show that, in pure NiO,
ωr lies in the THz-frequency range, which is attributed
to the large contribution of HE due to the superexchange
interaction via Ni-O-Ni. Three different mechanisms are
presented, which modulate HE and HA from those in pure
NiO. The exchange constants related to HE are varied by

doping monovalent s-element cations (Li+ and Na+). A
change in the magnetic anisotropy related to HA is induced
by the MCA when doping with Fe and by the MDIA when
doping Mn. The former yields the highest ωr (1.60 THz)
in this study, whereas the latter weakly affects ωr. The
comprehensive analysis presented in this work provides an
insight into the frequency control of antiferromagnetic res-
onance and thus opens an avenue for alternative spintronic
applications that utilizes ultrafast spin dynamics.

II. MODEL AND METHOD

Pure NiO is modeled using a rock-salt (RS) structure
employing a 2 × 2 × 2 supercell, where the three lattice
vectors are represented by arrows in Fig. 1. The unit cell
consists of eight Ni and eight O atoms. A dopant cation X
is considered as an s element (Li+, Na+, Be2+, and Mg2+)
or 3d element (Mn2+, Fe2+, and Zn2+). In the unit cell of
cation-doped NiO, one Ni atom is substituted by dopant X ;
hence, the dopant composition corresponds to 12.5%, i.e.,
X0.125Ni0.875O in the chemical formula, which is referred
to as X -doped NiO hereafter. The experimental value of
4.195 Å is used as the lattice constant of pure NiO, and all
X -doped NiO systems are fixed to this value.

Density-functional-theory (DFT) calculations were per-
formed using the full-potential linearized augmented
plane-wave (FLAPW) method [23–25] with generalized
gradient approximation (GGA) [26]. Since NiO is known
as a strongly correlated electron system, the DFT+U
method is employed within the atomic limit approxima-
tion [27], and the following effective on-site Coulomb

(a)

(c)

(b)

FIG. 1. Magnetic configurations considered in this study for (a) pure NiO and X -doped NiO with (b) X = Li, Na, Be, Mg, and Zn
and (c) X = Mn and Fe. See the main text for details of each magnetic configuration. Circles indicate Ni with opposite magnetization
directions (blue and red), O (gray), and dopant X (yellow). The spin direction of Ni cations is given as a guide to the eye and not the
actual magnetization direction in the unit cell. The lattice vectors are shown in black.
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TABLE I. Parameters used in the calculations, RMT (in aB unit),
�max, and Ueff (in eV unit), for each atom.

RMT (aB) �max Ueff (eV)

Li 1.50 6 –
Na 2.00 6 –
Be 1.60 6 –
Mg 2.00 6 –
O 1.40 6 –
Mn 2.20 8 5.88
Fe 2.20 8 6.51
Ni 2.20 8 7.52
Zn 2.20 8 8.06

interaction parameter Ueff = U − J (where U and J are
the Coulomb and exchange interactions, respectively) are
derived using a linear-response approach [28]: Ueff =
5.88, 6.51, 7.52, and 8.06 eV for Mn, Fe, Ni, and Zn,
respectively, as listed in Table I. These values are obtained
from the X0.125Ni0.875O composition. The LAPW basis set
has a cutoff of |k + G| ≤ 3.9 a.u.−1. The muffin-tin (MT)
sphere radius RMT and the angular momentum expan-
sion �max are also presented in Table I. Self-consistent
field (SCF) calculations are performed using 15 × 15 ×
15 k-point sampling, and the atomic positions are relaxed
[29] with a convergence criterion for the atomic force,
0.005 htr/Å, for all models.

The exchange constants are obtained by employing a
total energy approach with a Heisenberg spin Hamiltonian,
H = − ∑

i,j Jij Si · Sj , where Jij is the exchange constant
between sites i and j , and Si (Sj ) is a local magnetic
moment at site i (j ). In this approach, the total energies
of multiple magnetic configurations are calculated by the
DFT+U, and they are fitted to the Heisenberg model. For
pure NiO, we consider exchange interactions J1 and J2
between first- and second-nearest neighbors Ni-Ni sites.
As shown in Fig. 1(a), three magnetic configurations, fer-
romagnetic (FM), antiferromagnetic along [001] (AFM-I),
and antiferromagnetic along [111] (AFM-II), are consid-
ered. The total energies of these configurations can be
formulated as follows:

EFM =E0 − 48J1S − 24J2S,

EAFM-I =E0 + 16J1S − 24J2S,

EAFM-II=E0 + 24J2S,

(2)

where E0 corresponds to the contribution of the nonmag-
netic part in the system and S is given as S = SNi · SNi.
|SNi| is assumed to be 1. Once the total energies are
obtained from SCF calculations, J1 and J2 can be calcu-
lated using linear algebra.

When pure NiO is doped with a nonmagnetic X (Li,
Na, Be, Mg, and Zn) [Fig. 1(b)], the exchange interaction
between Ni and X sites becomes negligible, and the total

energies can be formulated as follows:

EFM =E0 − 36J1S − 18J2S,

EAFM-I =E0 + 12J1S − 18J2S,

EAFM-II=E0 + 18J2S.

(3)

In contrast, for dopant X of magnetic cations (Fe and
Mn), additional exchange interactions J ′

1 and J ′
2 appear for

the first- and second-nearest neighbors between Ni and X
sites; thus, three additional magnetic structures FM′, AFM-
I′, and AFM-II′ are considered, where magnetization at
the dopant site is flipped in relation to magnetizations in
the FM, AFM-I, and AFM-II, respectively [Fig. 1(c)]. The
exchange constants can be obtained from the following
total energy equations:

EFM =E0 − 36J1S − 18J2S − 12J ′
1S′ − 6J ′

2S′,

EAFM-I =E0 + 12J1S − 18J2S + 4J ′
1S′ − 6J ′

2S′,

EAFM-II =E0 + 18J2S + 6J ′
2S′,

EFM′ =E0 − 36J1S − 18J2S + 12J ′
1S′ + 6J ′

2S′,

EAFM-I′ =E0 + 12J1S − 18J2S − 4J ′
1S′ + 6J ′

2S′,

EAFM-II′=E0 + 18J2S − 6J ′
2S′,

(4)

where S′ = SNi · SX . Here, |SX | is assumed to be 5/2 and 2
for X = Mn and Fe, respectively. Five unknown variables
(J1, J2, J ′

1, J ′
2, and E0) are obtained by fitting to the above

six equations using the least-squares method.
Both the MCA and MDIA contribute to the magnetic

anisotropy, and the magnetic anisotropy energy is given as
EMA = EMCA + EMDIA. The MCA and MDIA energies are
evaluated using

Eα = E[112̄]
α − E[111]

α , (5)

where α stands for MCA or MDIA, and E[112̄]
α and E[111]

α

are the total energies of systems with a magnetization ori-
entation along [112̄] and [111] directions, respectively.
The EMCA is obtained using the force theorem [30,31].
The EMDIA is obtained using the classical magnetic dipole-
dipole interaction model, which straightforwardly sums
long-range lattice interactions up to 400 Å [32]. The
magnetic anisotropy and the exchange constants are eval-
uated using 31 × 31 × 31 k-point sampling, confirming
the convergence with respect to inadequate numerical
fluctuations.

III. RESULTS AND DISCUSSION

A. Exchange constant

For pure NiO, the total-energy calculations showed that
the AFM-II structure is a magnetic ground state and the
energies of the FM and AFM-I structures are higher by
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TABLE II. Total energy difference (in meV/cell) for different magnetic configurations (FM, AFM-I, AFM-II, FM′, AFM-I′, and
AFM-II′) and magnetic ground state for X -doped NiO.

dopant X FM AFM-I AFM-II FM′ AFM-I′ AFM-II′ Ground state

Nondoped · · · 552 596 0 · · · · · · · · · AFM-II
s elements Li+ 161 179 0 · · · · · · · · · AFM-II

Na+ 321 339 0 · · · · · · · · · AFM-II
Be2+ 405 439 0 · · · · · · · · · AFM-II
Mg2+ 420 459 0 · · · · · · · · · AFM-II

3d elements Mn2+ 536 589 0 422 451 131 AFM-II
Fe2+ 415 556 0 404 416 78 AFM-II
Zn2+ 412 451 0 · · · · · · · · · AFM-II

552 and 596 meV/cell, respectively, than that of the ground
state. The results obtained for all X -doped NiO systems
are summarized in Table II and compared with those of
pure NiO. The AFM-II is the magnetic ground state for all
X -doped NiO systems and is the same as that of the pure
NiO case. The total energy difference between the mag-
netic ground state and the other structures becomes small
by doping s elements (Li, Na, Be, and Mg) and 3d element
Zn compared with that of pure NiO, especially in the Li-
doped NiO, where the energy difference is less than 200
meV/cell in the FM and AFM-I configurations. Regarding
the 3d Mn and Fe dopants, the energy difference of AFM-
II′ is much closer to the ground state (AFM-II), i.e., 131
and 78 meV/cell for the Mn- and Fe-doped NiO systems,
respectively, than the other configurations. Larger energy
differences in other magnetic configurations were found,
which is a common feature for systems with X = Mn and
Fe, where the total energies of FM and AFM-I are approxi-
mately 100 meV/cell higher than those of FM′ and AFM-I′
except that of FM for Fe-doped NiO.

The value of the exchange constants J1 and J2 for
pure NiO are 0.6 and −12.2 meV, respectively, satisfy-
ing the Goodenough-Kanamori rule. Thus, the AFM-II
can be stabilized by the cation-anion-cation (Ni-O-Ni)
superexchange mechanism of 180◦ alignment (J2 < 0).
These values are qualitatively consistent with previous
theoretical predictions [33–36] and experiments [37–39],
where the J2 is more dominant than J1 in the system
[40]. In Fig. 2, when NiO is doped with the s elements,
the absolute values of both J1 and J2 decrease com-
pared with those of pure NiO regarding the monovalent-
cation dopants (Li+ and Na+), whereas no changes in
J1 and J2 are observed regarding the divalent-cation
dopants (Be2+ and Na2+). On the other hand, doping
with 3d elements induces small changes in J1 and J2,
depending on the X dopants. In Fe-doped NiO, J1 (J2)
increases (slightly decreases) compared with that of pure
NiO, whereas J ′

1 is larger than J1 by 0.3 meV, and
the magnitude of J ′

2 is significantly smaller than that
of J2 by 7.9 meV. In Mn-doped NiO, J1 and J2 are
almost unchanged compared with those of pure NiO,
but J ′

1 and J ′
2 are significantly smaller than J1 and J2,

respectively. Changes in J1 and J2 are also negligible
between pure and Zn-doped NiO systems.

To elucidate the trend of exchange constants J1 and J2,
we present local density of states (DOS) in Fig. 3. Start-
ing with pure NiO as a reference [Fig. 3(g)], where the
valence-top and conduction-bottom states are composed
by strong orbital hybridizations between Ni 3d and O 2p
with a large band gap of approximately 4 eV, we verify
that the band gap is in agreement with an experiment [41]
due to the electron-electron correction (Ueff = 7.52 eV).
Changes in DOS occur by doping specific elements. For
the Li-doped NiO shown in Fig. 3(a), the band gap dis-
appears, and a finite DOS is observed at the Fermi level,
where the O 2p states are dominant (see inset in the figure).
Since the Li+ is a monovalent cation and its valence num-
ber is different from that of divalent O2−, electrons are
transferred from the O2− sites to the Li+ site; thus, holes
are introduced into the system. It is noted that the holes
are noticeable at the O2− sites nearest to the Li+ site,

FIG. 2. (Top) Exchange constants between the first-nearest
neighbor Ni-Ni (J1; blue) and Ni-X (J ′

1; skyblue) and (bottom)
those between the second-nearest neighbor Ni-Ni (J2; red) and
Ni-X (J ′

2; orange) for pure and X -doped NiO systems. Horizontal
dashed lines represent the results of pure NiO for a reference.
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(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 3. Local DOS for (g) pure NiO and (a)–(f) and (h) X -doped NiO (X = Li, Na, Be, Mg, Mn, Fe, and Zn). The DOS is projected
on O (green), Ni (red), and X (blue) with total DOS (gray). Positive and negative values in the vertical axes indicate DOSs in spin-up
and -down states, respectively; the zero in the horizontal axes indicates Fermi level of X = Li and Na in metallic systems and the
valence edge for pure NiO and X = Be, Mg, Mn, Fe, and Zn in insulator systems. The local DOSs of Ni and O are the sum of the
corresponding atoms in the unit cell. Insets in (a),(b) focus around the Fermi level.

as reported in Refs. [42–44]. Accordingly, the electronic
structure shows ferromagnetic character when doped with
Li, and hence the absolute value of J2 becomes apparently
small compared with that of pure NiO. This mechanism
holds for the Na-doped NiO. A similar reduction in J2
can be attributed to the DOS in the ferromagnetic state
[Fig. 3(b)]. On the other hand, in the other dopants (Be2+,
Mg2+, Mn2+, Fe2+, and Zn2+), since the ionic states are
the same with that in O2−, the band gap is shown in
Figs. 3(c)–3(f) and 3(h), and charge transfer does not occur
in these systems. Thus, J2 is almost the same as that in pure
NiO.

Next, we discuss the origin of negative J ′
2 between Ni

and X sites in the 3d-doped systems. We initially focus
on the Mn-doped NiO. Figure 4(a) illustrates an energy
diagram of minority-spin 3d states of Mn and Ni via O,
where t2g states at the Ni site are occupied by spin-up elec-
trons (the right side of the figure); there are no spin-down
electrons at the Mn site (the left side of the figure). The
majority-spin states are fully occupied (not shown in the
energy diagram), and the total magnetizations at the Mn
and Ni sites are represented by gray arrows in the figure.
Between the Mn (d5) and Ni (d8) cations where the number
of electrons is different, the antiferromagnetic coupling is
stabilized by hybridizations between Mn t2g and O 2p in
the spin-down states and between Ni eg and O 2p in the
spin-up states. This leads to a more energetically favorable
electronic configuration than that of electrons occupying
the orbitals at the higher energy level [light-red arrows
in Fig. 4(a)]. In the Fe-doped NiO shown in Fig. 4(b),

only one minority-spin electron occupies t2g at the Fe site,
corresponding to a DOS peak of the valence top in
Fig. 3(f). This minority-spin t2g state is no longer degen-
erate due to a local Jahn-Teller distortion excited by the
partial electron occupation, although in this paper, we refer
to these states as t2g for simplicity. Similar to the Mn-
doped NiO, the antiferromagnetic coupling is stabilized by
hybridizations of Fe t2g–O 2p in the spin-down states and
Ni eg–O 2p in the spin-up states. A key difference between
the Mn- and Fe-doped systems is that the local Jahn-Teller
effect occurs in the Fe-doped NiO but not in the Mn-doped
NiO. Indeed, this may reflect in the difference in magnetic
anisotropy, rather than in J ′

2, between these systems as we
will discuss in Sec. III B. Since, in the magnetic ground
state of AFM-II, J1 and J ′

1 do not contribute to the total
energy described in Eq. (4), these exchange interactions
are not discussed in this paper.

B. Magnetic anisotropy

Figure 5 shows the magnetic anisotropy energies EMCA,
EMDIA, and EMA. In the pure NiO, we obtained 0.3 µeV
for the EMCA with the magnetic easy axis being in the
out-of-plane [111] direction, and −384 µeV for EMDIA
with the magnetic easy axis being in the in-plane [112̄]
direction. The EMCA value is negligible; thus, the mag-
netic anisotropy is mainly attributed to the MDIA, and
the easy magnetization direction is along the [112̄]. How-
ever, this trend is drastically different in the Fe-doped NiO.
A very large MCA contribution (EMCA = −583 µeV) is
obtained, which is of comparable magnitude of the MDIA
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(a)

(b)

FIG. 4. Superexchange interaction mechanism between X and
Ni sites (J ′

2) in (a) Mn-doped and (b) Fe-doped NiO systems.
Energy diagram at X and Ni sites shows only minority-spin states
(red arrows) and fully occupied majority-spin states are omitted
for simplicity (see main text for light-red arrows), while at O
site, both majority- and minority-spin states are shown. Magne-
tizations at X and Ni sites are shown by gray arrows above the
energy diagram.

(EMDIA = −488 µeV); both favor [112̄], that is, the total
value of EMA is over −1000 µeV. This absolute value is
the largest among the systems under study. The other X -
doped NiO show that the total EMA is dominated only by
the EMDIA, which depends on dopant X for the 3d-dopant
systems, but is constant for the s-dopant systems.

In Fig. 6, a simple relation between EMDIA and the local
spin magnetic moment at the X site is presented. This rela-
tion is approximately linear. The Ni of pure NiO has a
spin magnetic moment of 1.74 μB. Since the Fe and Mn
have two and three electrons less than Ni, their local spin
magnetic moments increase to 3.65 and 4.51 μB, respec-
tively. Therefore, EMDIA is enhanced by doping NiO with
these cations. In contrast, since the s elements have no
spontaneous magnetization (d0) and the 3d-Zn is fully
occupied (3d10), their local spin magnetic moments are
approximately zero. This means that the contribution of
magnetic dipole-dipole interaction between Ni and dopant
X (X = Li, Na, Be, Mg, and Zn) is small, resulting in

FIG. 5. EMCA (blue), EMDIA (red), and EMA (= EMCA +
EMDIA) (green) for pure and X -doped NiO systems. A posi-
tive (negative) value indicates a magnetic easy axis in the [111]
([112̄]) direction. The EMCA (approximately 1 µeV) values are
represented by blue numbers. The inset illustrates the (111)

plane, where magnetization direction [112̄] and [111] are defined.

EMDIA being less dominant compared with that of the pure
NiO.

To elucidate the physical origin of the large EMCA in
the Fe-doped NiO, we present the energy dependence in
Fig. 7(a) together with the DOS for Fe and the nearest-
neighbor Ni sites, where the d states are projected on the
magnetic quantum number m along the [111] direction. In
this analysis, the energy dependence of EMCA is obtained
using the torque method [45], where EMCA is derived from
the sum of expectation values of the angular derivative
(polar angle θ and azimuthal angle φ) of the spin-orbit

FIG. 6. Dependence of EMDIA with local spin magnetic
moment at X site for X -doped NiO (color circles) and pure NiO
(black circle).
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(a) (b)

FIG. 7. Energy dependence of EMCA (top) and DOS of dopant (X ) and Ni sites (bottom) for (a) Fe-doped NiO and (b) Mn-doped
NiO. In the DOS, the d states of X and Ni sites are projected onto m = 0 (green), m = ±1 (orange), and m = ±2 (blue). The Ni is at
the first-nearest site from X .

coupling (SOC) Hamiltonian for all occupied electronic
states.

The top panel of Fig. 7(a) shows that the energy depen-
dence of EMCA in the Fe-doped NiO is constant inside the
band gap in the Fe-d DOS. At the Fe site, the band gap
is composed by the valence top of dm=0,±1 states (around
−0.4 eV) and the conduction bottom of dm=±1,±2 states
(around 4.6 eV) in the spin-down states, whereas the elec-
trons are fully occupied in spin-up states, as shown in the
bottom panel of Fig. 7(a). Large DOS peaks of the Ni-
dm=±1,±2 states are observed at around 3.8 eV, but there
is no significant change in EMCA at this energy level, indi-
cating that EMCA comes from the Fe site, rather than the
Ni site. According to the second-order perturbation theory
analysis [46], the SOC between occupied and unoccupied
states with the same (different) magnetic quantum number
m couples through the L̂z (L̂x and L̂y) operator and gives
rise to the magnetic easy axis preferring the out-of-plane
(in-plane) direction. Specifically, it is defined as positive
(negative) EMCA in Eq. (5) and corresponds to the [111]
([112̄]) direction in this case. The SOC interaction between
the occupied states of m = 0 (m = ±1) at the valence top
and the unoccupied states of m = ±1 (m = ±2) at the con-
duction bottom with different m yields a negative EMCA.
For comparison, the results of Mn-doped NiO are shown in
Fig. 7(b), confirming an almost zero EMCA around the band
gap (see the top panel in the figure). The spin-up states at
the Mn site are fully occupied by electrons [bottom panel
in Fig. 7(b)]; consequently, this half-filled state does not
yield MCA.

C. Antiferromagnetic resonance frequency

Using the exchange constants and the magnetic
anisotropy energy, the effective fields HE and HA are
derived as HE = J/M and HA = 2K/M [49]. For pure
NiO, it is assumed M = |M1| = |M2| where Mi is the mag-
netization in sublattice i. For X -doped NiO, since the
absolute value of magnetization between the Ni and X
sites is different, M is obtained by averaging Mi over all
sublattices in the unit cell. J is |J2| for pure NiO and X -
doped NiO where X is an s element or 3d-Zn; otherwise
(18|J2| + 6|J ′

2|)/24 for X of 3d-Mn and -Fe, where the
weighting factors are obtained from the magnetic ground
state of EAFM-II, in Eq. (4). K is the effective magnetic
anisotropy constant, which consists of contributions from
all TM sites in the unit cell, and therefore simply treated as
|EMA| for all systems.

The results are presented in Fig. 8. For the pure NiO,
HE is 121 T and HA is 7.6 T, resulting in a resonance
frequency ωr/(2π) = 1.20 THz. Doping with monovalent
Li+ leads to a large decrease in HE (57 T), which is approx-
imately half that of pure NiO [Fig. 8(a)] due to the large
reduction in J2 (Fig. 2). A relatively small ωr/(2π) of 0.77
THz is obtained [Fig. 8(c)]. In the other dopants, HE varies
in a range of 20% from that of pure NiO. On the other
hand, a large value of HA is obtained in the Fe-doped NiO
due to the large MCA contribution [skyblue in Fig. 8(b)].
As a result, ωr/(2π) reaches up to 1.60 THz, which is
the highest in current systems [Fig. 8(c)]. The Mn-doped
NiO exhibits the largest MDIA contribution to HA [blue in
Fig. 8(b)]; however, it is less significant compared to other

034040-7



NAWA, GUMARILANG, MORIYAMA, and NAKAMURA PHYS. REV. APPLIED 21, 034040 (2024)

(a) (b) (c)

FIG. 8. (a) HE, (b) HA, and (c) ωr for pure and X -doped NiO systems. The horizontal dashed lines indicate the values of pure
NiO as a guide to the eye. The experimental results are plotted in (c); Ref. [16] (red circles), Ref. [20] (green triangle), Ref. [47]
(magenta square), and Ref. [48] (blue cross). For cation-doped NiO [16], systems with dopant compositions close to our calculations
(Li0.10Ni0.90O, Mg0.08Ni0.92O, and Mn0.08Ni0.92O) are plotted. The results for Li-doped NiO with the distortion are also presented
(labeled as distorted).

contributions such as HE and MCA in HA. Thus, ωr/(2π)

is 1.18 THz, which is comparable to that of the pure NiO.
Finally, we comment on a comparison of resonance fre-

quency with experiments [16]. Note that the same dopant
composition was not available, so that we plotted the
experimental data for compositions close to those of our
systems, which are represented by symbols in Fig. 8(c).
A quantitative agreement is observed with experimental
value (1.1 THz) of the pure NiO. However, although a con-
siderable decrease in ωr/(2π) due to the cation dopants
of Li, Mg, and Mn was reported in the experiment, our
calculations do not follow the experimental trend. The
discrepancy in the Mg- and Mn-doped NiO systems can
be attributed to the fact that the doping with Mg alters
the lattice constant [16], which can change the exchange
constant and/or magnetizations at sublattices; also, doping
with Mn causes the appearance of a second phase with
MnNi2O4 spinel for a small amount of dopant (x > 0.05
in Ni1−xMnxO), although our calculations assume a fixed
lattice constant and a single RS crystal structure.

In Li-doped NiO, possible reasons for this discrepancy
may related to a Jahn-Teller effect that distorts the crys-
tal structure into lower symmetry, leading to changes in
angle and length of the cation-anion bond and/or wave-
function overlapping between them. Indeed, the Jahn-
Teller distortion of crystal structure significantly modifies
the ωr/(2π) via changes in exchange constants and mag-
netic anisotropy. We performed additional calculations by
introducing crystal-structure distortion and by using small
Ueff value of 5.3 eV taken from Ref. [50] (the details of dis-
tortion and Ueff treatment are described in the Appendix).
The results are shown in Fig. 8, labeled as “distorted.” The
HE is enhanced to be 155 T, which is approximately 3
times larger than that in the nondistorted system (57 T), as
confirmed in Fig. 8(a). For the HA in Fig. 8(b), the MDIA

contribution is less affected by the Jahn-Teller distortion
but a non-negligible MCA contribution with the opposite
sign to the MDIA is obtained, thus resulting in a small
value of HA. The ωr/(2π) of 1.08 THz is then obtained
[Fig. 8(c)], in good agreement with the experiment [16].
These results indicate that the Jahn-Teller distortion can be
an essential factor in interpreting the experimental obser-
vations, although such distortion might be so small that
they cannot be clearly confirmed in the experiment.

IV. SUMMARY

We investigated the exchange constant and the mag-
netic anisotropy in antiferromagnetic NiO, where various

FIG. 9. Local DOS for Li-doped NiO where the crystal struc-
ture is distorted. The Ueff = 5.3 eV is used for the calculations.
The notations are the same as in Fig. 3.
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TABLE III. Comparison of local spin magnetic moments at Ni sites, mNi and mNi′ (in μB unit), which are the first- and second-nearest
neighbor sites from Li, exchange constants, J1 and J2 (in meV unit), and magnetic anisotropy energies, EMCA, EMDIA, and EMA (in
μeV unit) for Li-doped NiO in RS and distorted structures.

mNi (μB) mNi′ (μB) J1 (meV) J2 (meV) EMCA (µeV) EMDIA (µeV) EMA (µeV)

RS 1.74 1.57 0.4 −4.8 1.5 −277 −275
Distorted 1.69 1.07 0.4 −12.6 37.7 −232 −194

cations X , including s elements (Li, Na, Be, and Mg) and
3d elements (Mn, Fe, and Zn), were used as dopants. We
calculated the antiferromagnetic resonance frequency ωr
from first-principles calculations. The pure NiO exhibits
ωr in the THz range (1.20 THz). This value can be modu-
lated using cation doping. The mechanism modulating ωr
through the exchange constant and the magnetic anisotropy
depends on the cation dopant. Monovalent cations, espe-
cially Li+, induce hole doping, resulting in a decreased
ωr of 0.77 THz due to the weakening of superexchange
interaction in Li-doped NiO. In contrast, a large increase
in ωr is obtained using Fe cation doping, where the mag-
netocrystalline anisotropy preferring a magnetic easy axis
in the [112̄] direction plays a key role, resulting in the high-
est ωr value of 1.60 THz. Using the Mn cation doping,
the magnetic anisotropy caused by magnetic dipole-dipole
interaction increases. However, this increase is very small,
and the resultant ωr value is comparable with that of
pure NiO; hence, Mn doping is less significant regard-
ing ωr. Consequently, controlling the exchange constant
and the magnetocrystalline anisotropy is a straightfor-
ward approach for modulating ωr in future THz-frequency
applications.
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APPENDIX: DISTORTION AND
ELECTRON-ELECTRON CORRELATION

EFFECTS IN Li-DOPED NiO

The present pure and X -doped NiO systems are assumed
to be in the cubic RS structure and this restriction leads
to the discrepancy for the Li-doped NiO in the DOS of

Fig. 3(a) with earlier calculations [50–52]. In contrast to
our results in Fig. 3(a), showing the finite DOS remaining
at the Fermi level due to the hole doping, the Jahn-Teller
distortion that breaks the crystal structure symmetry of
cubic phase induces a band gap. To take into account
such Jahn-Teller distortion, we remodel our system by fol-
lowing the procedures of Anisimov et al. [51], where the
lattice vectors are expanded along z axis by 4% and com-
pressed along x and y axes by 2%. The DOS obtained
for the Li-doped NiO in the distorted system is given
in Fig. 9, confirming the finite band gap. Of note, in
Table III, the magnetic moment at Ni site of the second-
nearest neighbor from Li (mNi′) is reduced to 1.07 μB from
the case of the RS structure, 1.57 μB. This is in consis-
tent with earlier calculation [50]. Such DOS modifies the
exchange constant J2 as increase in the magnitude from
−4.8 meV (in RS) to −12.6 meV (distorted), which is
reflected in the significant increase of HE in Fig. 8(a).
The EMDIA is negligibly changed by the distortion, but
the EMCA is enhanced from 1.5 µeV (RS) to 37.7 µeV
(distorted), which reduce the |EMA| due to the opposite
signs of EMCA and EMDIA. We here note that the Ueff value
for Ni is set to 5.3 eV used in Ref. [50], this is because
the use of Ueff = 7.52 eV, determined from the linear-
response approach [28], cannot obtain the stationary SCF
solution having the band gap as in Fig. 9 in our FLAPW
framework.
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