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Efficient manipulation of magnetization at ultrashort timescales is of particular interest for future technology.
Here, we numerically investigate the influence of the so-called field-derivative torque, which was derived earlier
based on relativistic Dirac theory [R. Mondal et al., Phys. Rev. B 94, 144419 (2016)], on the spin dynamics
triggered by ultrashort laser pulses. We find that only considering the THz Zeeman field can underestimate the
spin excitation in antiferromagnetic oxide systems such as, e.g., NiO and CoO. However, accounting for both the
THz Zeeman torque and the field-derivative torque, the amplitude of the spin excitation increases significantly.
Studying the damping dependence of the field-derivative torque we observe larger effects for materials having

larger damping constants.
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Introduction. The excitation of magnetic materials with
THz pulses has recently come into the focus of current re-
search as a possible route towards terahertz spintronics [1-7].
In these experiments a THz laser pump is employed to drive
a high-frequency spin-wave excitation after which its decay
is monitored using magneto-optical spectroscopy with a near-
infrared laser. These experiments show that the THz pulses
can coherently manipulate the spin degrees of freedom on the
picosecond timescale. The explanation of these observations
requires dedicated spin dynamics simulations that are capable
of treating accurately the action of the short excitation pulse
(<1 ps) as well as both the fast and slow responses of the spin
system.

Magnetization dynamics can very efficiently be described
by the Landau-Lifshitz-Gilbert (LLG) equation of motion.
Traditionally, the LLG equation has two parts: precession
of the magnetization vector around an effective field and a
transverse damping of it [8—10]. The LLG equation conserves
the magnitude of the magnetization vector and it has been
employed to describe magnetization dynamics from macro-
scopic timescales down to nanoseconds and less [11,12]. For
dynamic processes, as they are triggered by ultrashort laser
pulses, the stochastic extension of the LLG equation with
atomistic resolution has been used to describe the spin dynam-
ics on timescales down to picoseconds [13-18]. Here, thermal
excitations which affect the total magnetization are taken into
account via thermal fluctuations in the spin system. However,
at those ultrashort timescales relativistic and ultrarelativistic
quantum effects can become relevant [19-21].

In an earlier work, starting from the relativistic Dirac
Hamiltonian that included the magnetic exchange interac-
tions, we rigorously derived the LLG equation of motion [22].
In particular, we considered the Dirac-Kohn-Sham equation
with an external magnetic vector potential and derived an
extended Pauli Hamiltonian at the semirelativistic limit using
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a canonical transformation, the so-called Foldy-Wouthuysen
transformation [23,24]. Thereby, considering only the field-
spin coupling Hamiltonian terms, we derived the precessional
and damping motion of a spin moment within LLG spin
dynamics. Moreover, we have shown that, for a magnetic
system driven by a general time-dependent field, the LLG
equation has to be supplemented with an additional torque
term, the field-derivative torque (FDT), which is a relativistic
effect as it is connected to spin-orbit coupling. For the case
of a time-dependent external magnetic field, this means that
not only the Zeeman field couples to the spins but also the
time derivative of the Zeeman field. The quantum derivation
of the LLG equation suggests that the corresponding LLG spin
dynamics for the unit magnetization vector m;(¢) has the form
[21,22,25]
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Here, y defines the gyromagnetic ratio, j, is the saturation
magnetic moment, and a’ is the volume of the unit cell per
spin. G is a tensorial damping parameter that is in general time
dependent and can be computed ab initio [22]. However, in
the following we consider only an isotropic and scalar Gilbert
damping parameter, which we denote by o = %Tr(g ). H(t)
is the applied Zeeman field that is time dependent; Bfff is
the effective field, which is the derivative of the total energy
with respect to w,m; as will be specified later on. Note that
the effective field B;’ff in Eq. (1) is expressed in T, while the
applied Zeeman field H (¢) is expressed in A/m.

In this Rapid Communication, we investigate the effect of
the FDT term within atomistic spin dynamics simulations.
Our preceding analytical calculations showed that the FDT
term is explicitly dependent on the damping of the material
and the frequency of the applied Zeeman field [22,25]. If
both frequency and damping are high, we expect the FDT
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terms to show prominent effects. Consequently, we investigate
THz spin dynamics effects with and without FDT in antifer-
romagnetic oxide systems, which have been studied in sev-
eral experimental and theoretical works on antiferromagnetic
THz spintronics in the past [1,3-6], yet without additional
FDT terms. We analyze the damping dependence of the FDT
effects to show in which materials one can expect high FDT
contributions, and we compare simulations at zero and finite
temperature to demonstrate that FDT effects are not bound to
low temperatures.

Atomistic spin model. For the computation of spin dy-
namics, one often transforms the implicit Gilbert form of
the equation of motion to the explicit Landau-Lifshitz form.
This transformation is rather simple for a scalar damping
parameter, however, the transformation is cumbersome when
a tensorial damping parameter is accounted for [22]. In our
case, the explicit LLG equation of motion expanded to take
the FDT terms into account can be expressed as
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The effective field BS™ is calculated as the derivative of
total energy with respect to the magnetic moment, i.e.,
B = _u] S with H the total Hamiltonian of the system.
For the Hamlltoman we consider contributions from the ex-
change energy (Hexc), a crystalline anisotropy energy (Hani)
which we restrict here to biaxial, and the Zeeman energy
(Hzeeman)- These three energies are expressed as
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J{\I’N is the exchange energy constant for nearest neigh-
bors (NN) and Jynn that for next-nearest neighbors (NNN).
(dy, dy) signifies a biaxial anisotropy energy, H (¢) is the time-
dependent Zeeman field, and (o the vacuum permeability. It
is useful to define a Zeeman torque (ZT), m; x H(t), that
is induced by the Zeeman field. In contrast, the FDT terms
have been taken into account through the term % in the
LLG equation of motion, Eq. (2). It can be interpreted as an
additional contribution to the effective field which acts on the
spin system (see Fig. 1).

Application to transition-metal oxides. We choose to study
the model systems MO (where M denotes either Ni or
Co) mainly because MO supports long-wavelength collective
magnon modes at frequencies in the THz regime at room
temperature [1,2]. Furthermore, it is a comparably simple
system which has been studied extensively in previous ex-
perimental [1,2] and theoretical works [5]. MO has a rocksalt
structure, where the magnetic M>* ions sit on an fcc lattice
[see Fig. 1(a)]. It is an antiferromagnet (AFM) with an AF2
ground-state spin configuration in which alternating (111)
planes couple antiferromagnetically to each other, whereas
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FIG. 1. Schematics for the THz excitation of spin moments in
an AFM. (a) Ultrashort THz Zeeman pulse (light blue) and its time
derivative (red) acting on fcc MO, where M denotes either Co or Ni.
(b) Action of both the THz pulse and its derivative on the up (dark
blue) and down (yellow). The spring denotes the antiferromagnetic
NNN coupling. (c) Fourier transform of both the THz pulse and its
time derivative (amplitudes normalized to unity).

each (111) plane is ferromagnetically ordered. Thus each spin
has 12 ferromagnetic NN (90° superexchange via O*~ atoms)
and six antiferromagnetic NNN (180° superexchange via 0%~
atoms) interactions [4,26]. The frustrated NN interactions
can be divided into two categories: six intraplane exchange
couplings with JI\TIN and six interplane exchange couplings

with JI\% (<JITHII), which partially lifts the frustration. We use
the energy parameters for NiO and CoO systems as described
in Table I which are obtained from neutron scattering experi-
ments and ab initio calculations [26-28].

The Néel temperature 7y of the NiO spin model is
found to be about 340 K (see Supplemental Material [29]
with references [30,31]). This value is notably below the
experimentally observed Ty of 540 K [26], a discrepancy
that is known from previous theoretical investigations [32]
and does not affect our conclusions. On the other hand,
for CoO, our calculations result in a Néel temperature of
about 220 K [29]. The same Néel temperature has been
computed from Monte Carlo simulations with the ab initio
exchange energy parameters for CoO [27]. Using these ex-
change and anisotropy energies, we calculate the antiferro-
magnetic resonant frequency of our NiO and CoO models
as 1.3 and 4 THz, respectively, according to the well-known
Kittel formula fi = ¥ /Bani(Bani + 2Bexc ). Here, By and Bexe

TABLE I. Model parameters for exchange and anisotropy ener-
gies in meV. The parameters for NiO are taken from Refs. [26,32]
and those for CoO from Refs. [27,28,34].

System J VAN JNNN dy dy
NiO 1.4 1.3 —19.0 —0.10 —0.005
CoO 1.5 1.4 —12.0 -2.0 -04
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are the anisotropy and exchange fields, respectively [33].
Note that the biaxial anisotropy is considerably larger for
CoO as compared to NiO. Due to this higher anisotropy,
the resonance frequency is much higher in the CoO
system.

For the two sets of model parameters, we solve the LLG
equation [i.e., Eq. (2)] numerically, under the effect of a few
cycle THz pulse. To treat the thermal fluctuations, we add a
stochastic field in terms of white noise in the effective field
B?ff [14]. The coupling of the system to the heat bath is
quantified by the damping parameter «. All the calculations
have been performed with a grid of 144° spins.

Terahertz resonant excitation has been studied extensively
in NiO and other metal-oxide samples in the linear as well
as nonlinear regime [1-6]. It has been shown that the THz
magnetic field can coherently couple to the spins and manip-
ulate the spin degrees of freedom at picosecond timescales.
These experimental findings have been compared with the
theoretical computation of THz excitation only considering
the Zeeman field. Clearly, it can be seen that only the Zeeman
field underestimates the experimental THz excitation in NiO
reported in Fig. 3 of Ref. [1]. In this work, we employ the
THz fields along the y direction to the MO spin system at the
resonance frequency (see Fig. 1). We model the THz magnetic
field by a chirped few cycle pulse of the form

H(t) = Hpcos (anor[ﬁ — 1])672’722, 6)

which is close to the experimental situation [1]. Here, we
choose fj is the resonance magnon frequency, o defines the
pulse duration, t is the chirped time of the pulse, and H
is the amplitude of the field. A typical THz pulse and its
Fourier transform are shown in Fig. 1. As we can see, the NiO
resonance frequency we use, 1.3 THz defines the approximate
peak of the Fourier spectrum of the considered THz pulse.

In the following, we will compare the effects of ZT con-
tribution with that of the FDT. Note that in the latter case,
one has to consider the “traditional” Zeeman effect in addition
to the FDT terms as both of them will be present in a time-
dependent field. The differentiation introduces a phase shift in
the effective field of the FDT with respect to the traditional
Zeeman field, which can be seen in Fig. 2 (top panel). In
general, the FDT terms will provide a smaller contribution
compared to the ZT. When comparing the magnitudes of both
of the effects, expressed in the effective fields, we find the
relationship

Emlo_nsxocxf 7
7T 0

where the values of the model parameters that appear are
given in Ref. [35]. This analysis suggests that the FDT terms
due to Zeeman coupling to a field that oscillates with fre-
quency fy become important for pulses at THz frequencies
or higher. As the FDT is a relativistic spin-orbit effect, it is
expected that the effect is stronger at higher damping values,
which reflects in Eq. (7). Here, in the derivation of the FDT,
we restrict ourselves to the intrinsic damping parameter of the
system, where other sources (e.g., spin pumping, radiation,
etc.) of damping have not been taken into account.

CoO resonant spin excitation at a = 0.02
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FIG. 2. THz excitation of the CoO spin system for a damping
constant of o = 0.02. Top panel: The THz pulse is shown in blue
(dashed line) and the sum of the THz pulse and the FDT effects are
shown by the red line. Middle panel: Corresponding calculated spin
excitation at zero temperature. Bottom panel: The calculated spin
excitation at a temperature of 80 K.

Results and discussions. We calculate the dynamic spin
excitation in NiO and CoO spin models due to THz pumping
with and without the FDT terms. The effects of the THz
spin excitation at the resonant frequency are shown in Fig. 2
for the CoO model. The obtained results show that the THz
pulse first excites the resonant magnon mode, which is then
eventually damped because of dissipation that is summarized
by damping effects with a damping parameter of « = 0.02 in
our simulations. This value of the damping is, however, larger
than the typical metal-oxide values [1]. Note that when we
account for both the ZT as well as the FDT terms, the excita-
tion of the magnon mode becomes larger in amplitude. This
enhancement in the amplitude is purely because of the FDT
terms in the LLG spin dynamics of Eq. (2). Therefore, we
predict that conventional theory will underestimate the experi-
mentally observed excitation of resonant THz excitation of the
antiferromagnetic magnon mode, when only considering the
ZT directly, without the additional FDT. It also deserves to be
noted that the FDT effects appear in the precessional as well
as damping terms of the LLG equation of motion in Eq. (2),
i.e., the FDT terms have fieldlike and (anti)dampinglike con-
tributions. The fieldlike contribution scales linearly with the
damping parameter, however, the (anti)dampinglike contri-
bution scales quadratically. For lower damping values, the
(anti)dampinglike FDT contributions will be much smaller
and only the fieldlike FDT will effectively contribute to the
dynamics. In contrast, at higher damping values, both the FDT
terms (fieldlike and dampinglike) contribute to the excitation
of magnon modes.

As we pointed out before, the time derivative introduces
a phase shift in the effective field of the FDT term, which,
consequently, introduces also a phase shift in the magnon
excitation. This effect can also be observed in Fig. 2 (middle
panel) which displays a phase shift for the excited magneti-
zation oscillation while treating both the ZT and FDT terms.
Furthermore, we investigate the effect of temperature on the
spin dynamics in the bottom panel of Fig. 2. Due to the finite
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FIG. 3. Maximum spin excitation as function of the value of the
damping parameter at zero temperature.

temperature (80 K in this case), the magnetic moment is re-
duced by about 14% of its initial value for CoO. Nevertheless,
we observe a very similar behavior in the magnon excita-
tion as in the zero-temperature case. Interestingly, at finite
temperature the resonance frequency slightly shifts towards
lower values. We find that at 80 K, the resonance frequency
decays from 4 to 3.6 THz for CoO. This softening of the
magnon modes stems from the temperature dependence of the
effective magnetic parameters such as the exchange stiffness
and the magnetic anisotropy [36,37]. Additionally, at finite
temperature the maximum spin excitation is decreased with
respect to the zero-temperature spin excitation [29]. Thus, we
conclude that even though the FDT terms are smaller than
the Zeeman coupling, its effect on the spin system should be
observable under realistic conditions.

In order to forecast the strength of the effect of the FDT for
other materials, we study the maximum amplitude of the spin
excitation for different values of the damping constant, using
otherwise the model parameters for NiO and CoO as before.
The results are presented in Fig. 3. Both of the models show
a similar behavior though CoO shows an overall higher spin
excitation due to its higher resonance frequency. As expected,
the FDT terms have a smaller influence for lower values of the
damping parameters. For higher damping parameters above
0.01 the influence of the FDT terms become increasingly
prominent. Here, we observe an ongoing competition between
the increasing damping effect and the increasing FDT. While
the increasing damping effect tries to lower the maximum
spin excitation for the traditional Zeeman coupling, the FDT
terms lead to an increasing spin excitation. In the low damping
limit, this competition is won by the damping of the spin
excitation which is induced directly by the ZT. As soon as the
damping parameter increases above 0.01, the influence of the
FDT terms becomes stronger, finally leading to an excitation
amplitude which is linear in « due to FDT terms.

To extract the effect of the FDT terms clearer, we also
calculate the maximum spin excitation in simulations where
we neglect the Zeeman contribution and take into account
the FDT terms only (see Fig. 4). Here, a more or less
linear behavior is observed even for lower values of the
damping constant. Moreover, the FDT terms are about ten
times stronger in CoO than NiO due to the higher anisotropy

Damping o

FIG. 4. Maximum spin excitation as a function of the value of the
damping parameters for NiO and CoO, obtained from a simulation
with the FDT terms only.

energy in CoO. By fitting the maximum spin excitation to a
functional form max(m,) ~ o®, we obtain for CoO and NiO
the values 8co0 = 0.75 and dnjo = 0.73 at higher damping
parameters. This means that, for higher damping parameters,
both the fieldlike and dampinglike FDT terms contribute to
the dynamics. However, at lower damping parameters we find
8coo = 0.98 and énjo = 0.97, which is consistent with the fact
that only fieldlike FDT terms contribute. Thus, we conclude
that the spin excitations which are induced by FDT terms are
similar in antiferromagnetic NiO and CoO.

Conclusions. We have examined numerically the conse-
quences of an extension to the LLG equation of motion
which was discovered recently, the FDT [22]. From our prior
analytical calculations it followed that the FDT is larger
for high-frequency excitations and scales linearly with the
damping parameter of the system. We hence focused on the
effect of the FDT terms on the resonant THz excitation in NiO
and CoO spin systems.

Due to the FDT terms, the effective time-dependent field
becomes asymmetric even if one considers a symmetric THz
pulse. The deformation of the THz pulse due to FDT terms is
usually small as compared to the contribution of the Zeeman
field. However, the FDT term introduces a phase shift in the
effective field pulse. We find that considering only the Zeeman
contribution of the THz pulse leads to an underestimation of
the coherent spin excitation. In contrast, including the FDT
terms in addition to the THz Zeeman contribution in our
simulations, we observe an increase of the magnon excitation
amplitude in NiO as well as CoO. However, the magnitude
of FDT-induced magnon excitation for the characteristically
low damping constants in the MOs is found to be too small
to explain the discrepancy between experimental observations
and theory in Ref. [1]. Nonetheless, we note that a small phase
shift is introduced when considering both contributions of the
THz pulse, the Zeeman field as well as the FDT terms. These
effects are stronger in CoO as compared to NiO because of
its higher resonance frequency. We have furthermore studied
the damping dependence of the influence of the FDT terms.
We find that the FDT terms are more effective for larger
values of the damping parameter. Consequently, we expect
that the FDT effects would be even stronger for systems
with high resonance frequency and larger damping. Such
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systems include, e.g., antiferromagnetic CrPt [38,39], where
a large spin-orbit coupling results in higher damping and
high anisotropy energies, consequently resulting in higher
resonance frequencies. Furthermore, CrPt has a higher Néel
temperature (i.e., stronger exchange coupling which leads to
the higher resonant frequency) that is beneficial for room-
temperature applications.

Acknowledgment. We acknowledge financial support
from the Alexander von Humboldt-Stiftung, the Deutsche
Forschungsgemeinschaft via RI 2891/1-1 and NO 290/5-1,
and the Swedish Research Council (VR), the Swedish Na-
tional Infrastructure for Computing (SNIC), and the K. and
A. Wallenberg Foundation (Grant No. 2015.0060).

[1] T. Kampfrath, A. Sell, G. Klatt, A. Pashkin, S. Mihrlein, T.
Dekorsy, M. Wolf, M. Fiebig, A. Leitenstorfer, and R. Huber,
Nat. Photonics 5, 31 (2011).

[2] T. Kampfrath, K. Tanaka, and K. A. Nelson, Nat. Photonics 7,
680 (2013).

[3] S. Baierl, J. H. Mentink, M. Hohenleutner, L. Braun, T.-M. Do,
C. Lange, A. Sell, M. Fiebig, G. Woltersdorf, T. Kampfrath, and
R. Huber, Phys. Rev. Lett. 117, 197201 (2016).

[4] A. Pashkin, A. Sell, T. Kampfrath, and R. Huber, New J. Phys.
15, 065003 (2013).

[5] S. Wienholdt, D. Hinzke, and U. Nowak, Phys. Rev. Lett. 108,
247207 (2012).

[6] S. Baierl, M. Hohenleutner, T. Kampfrath, A. K. Zvezdin, A. V.
Kimel, R. Huber, and R. V. Mikhaylovskiy, Nat. Photonics 10,
715 (2016).

[7] M. Shalaby, A. Donges, K. Carva, R. Allenspach, P. M.
Oppeneer, U. Nowak, and C. P. Hauri, Phys. Rev. B 98, 014405
(2018).

[8] L. D. Landau and E. M. Lifshitz, Phys. Z. Sowjetunion 8, 101
(1935).

[9] T. L. Gilbert and J. M. Kelly, in Proceedings of the Conference
on Magnetism and Magnetic Materials (AIEE, New York,
1955), pp. 253-263.

[10] T. L. Gilbert, IEEE Trans. Magn. 40, 3443 (2004).

[11] M. Lakshmanan, Philos. Trans. R. Soc., A 369, 1280 (2011).

[12] H. Kronmiiller and M. Fihnle, Micromagnetism and the Mi-
crostructure of Ferromagnetic Solids (Cambridge University
Press, Cambridge, UK, 2003).

[13] N. Kazantseva, U. Nowak, R. W. Chantrell, J. Hohlfeld, and A.
Rebei, Europhys. Lett. 81, 27004 (2007).

[14] U. Nowak, in Handbook of Magnetism and Advanced Magnetic
Materials, edited by H. Kronmiiller and S. Parkin (John Wiley
& Sons, Chichester, 2007), Vol. 2.

[15] R. F. L. Evans, W. J. Fan, P. Chureemart, T. A. Ostler, M. O. A.
Ellis, and R. W. Chantrell, J. Phys.: Condens. Matter 26, 103202
(2014).

[16] D. Hinzke and U. Nowak, Phys. Rev. Lett. 107, 027205 (2011).

[17] R. Wieser, Phys. Rev. B 84, 054411 (2011).

[18] B. Skubic, J. Hellsvik, L. Nordstrom, and O. Eriksson, J. Phys.:
Condens. Matter 20, 315203 (2008).

[19] D. Bottcher and J. Henk, Phys. Rev. B 86, 020404(R) (2012).

[20] R. Mondal, M. Berritta, A. K. Nandy, and P. M. Oppeneer, Phys.
Rev. B 96, 024425 (2017).

[21] R. Mondal, M. Berritta, and P. M. Oppeneer, J. Phys.: Condens.
Matter 30, 265801 (2018).

[22] R. Mondal, M. Berritta, and P. M. Oppeneer, Phys. Rev. B 94,
144419 (2016).

[23] R. Mondal, M. Berritta, K. Carva, and P. M. Oppeneer, Phys.
Rev. B 91, 174415 (2015).

[24] R. Mondal, M. Berritta, C. Paillard, S. Singh, B. Dkhil, P. M.
Oppeneer, and L. Bellaiche, Phys. Rev. B 92, 100402(R)
(2015).

[25] R. Mondal, M. Berritta, and P. M. Oppeneer, Phys. Rev. B 98,
214429 (2018).

[26] M. T. Hutchings and E. J. Samuelsen, Phys. Rev. B 6, 3447
(1972).

[27] T. Archer, R. Hanafin, and S. Sanvito, Phys. Rev. B 78, 014431
(2008).

[28] A. Schron, C. Rdl, and F. Bechstedt, Phys. Rev. B 86, 115134
(2012).

[29] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.100.060409 for spin model calculated Néel
temperatures, low damping dependence of FDT, and finite-
temperature effects.

[30] I. D. Hughes, M. Dine, A. Ernst, W. Hergert, M. Liiders, J. B.
Staunton, Z. Szotek, and W. M. Temmerman, New J. Phys. 10,
063010 (2008).

[31] G. Fischer, M. Dine, A. Ernst, P. Bruno, M. Liiders, Z. Szotek,
W. Temmerman, and W. Hergert, Phys. Rev. B 80, 014408
(2009).

[32] T. Archer, C. D. Pemmaraju, S. Sanvito, C. Franchini, J.
He, A. Filippetti, P. Delugas, D. Puggioni, V. Fiorentini,
R. Tiwari, and P. Majumdar, Phys. Rev. B 84, 115114
(2011).

[33] C. Kittel, Phys. Rev. 82, 565 (1951).

[34] For CoO, we assume that JI\THI, — Jlfnfl = 0.1 meV, which lifts the
frustration in CoO, even though this has not been reported in
Ref. [27].

[35] We have used the following set of values for calculating the
magnitude of FDT terms: the unit cell volume a® = 1.8125 x
1072°, the gyromagnetic ratio y = 1.76 x 10" T=! s~!, and
vacuum permeability o = 1.26 x 10 Tm A~!. These val-
ues, together with the saturation magnetization u, = 2.04 ug
for NiO, lead to the FDT prefactor - = 4.322 x 10712,

[36] H. B. Callen and E. Callen, J. Phys. Chem. Solids 27, 1271
(1966).

[37] U. Atxitia, D. Hinzke, O. Chubykalo-Fesenko, U. Nowak, H.
Kachkachi, O. N. Mryasov, R. F. Evans, and R. W. Chantrell,
Phys. Rev. B 82, 134440 (2010).

[38] M. J. Besnus and A. J. P. Meyer, Phys. Status Solidi B 58, 533
(1973).

[39] R. Zhang, R. Skomski, X. Li, Z. Li, P. Manchanda, A. Kashyap,
R. D. Kirby, S.-H. Liou, and D. J. Sellmyer, J. Appl. Phys. 111,
07D720 (2012).

060409-5


https://doi.org/10.1038/nphoton.2010.259
https://doi.org/10.1038/nphoton.2010.259
https://doi.org/10.1038/nphoton.2010.259
https://doi.org/10.1038/nphoton.2010.259
https://doi.org/10.1038/nphoton.2013.184
https://doi.org/10.1038/nphoton.2013.184
https://doi.org/10.1038/nphoton.2013.184
https://doi.org/10.1038/nphoton.2013.184
https://doi.org/10.1103/PhysRevLett.117.197201
https://doi.org/10.1103/PhysRevLett.117.197201
https://doi.org/10.1103/PhysRevLett.117.197201
https://doi.org/10.1103/PhysRevLett.117.197201
https://doi.org/10.1088/1367-2630/15/6/065003
https://doi.org/10.1088/1367-2630/15/6/065003
https://doi.org/10.1088/1367-2630/15/6/065003
https://doi.org/10.1088/1367-2630/15/6/065003
https://doi.org/10.1103/PhysRevLett.108.247207
https://doi.org/10.1103/PhysRevLett.108.247207
https://doi.org/10.1103/PhysRevLett.108.247207
https://doi.org/10.1103/PhysRevLett.108.247207
https://doi.org/10.1038/nphoton.2016.181
https://doi.org/10.1038/nphoton.2016.181
https://doi.org/10.1038/nphoton.2016.181
https://doi.org/10.1038/nphoton.2016.181
https://doi.org/10.1103/PhysRevB.98.014405
https://doi.org/10.1103/PhysRevB.98.014405
https://doi.org/10.1103/PhysRevB.98.014405
https://doi.org/10.1103/PhysRevB.98.014405
https://doi.org/10.1109/TMAG.2004.836740
https://doi.org/10.1109/TMAG.2004.836740
https://doi.org/10.1109/TMAG.2004.836740
https://doi.org/10.1109/TMAG.2004.836740
https://doi.org/10.1098/rsta.2010.0319
https://doi.org/10.1098/rsta.2010.0319
https://doi.org/10.1098/rsta.2010.0319
https://doi.org/10.1098/rsta.2010.0319
https://doi.org/10.1209/0295-5075/81/27004
https://doi.org/10.1209/0295-5075/81/27004
https://doi.org/10.1209/0295-5075/81/27004
https://doi.org/10.1209/0295-5075/81/27004
https://doi.org/10.1088/0953-8984/26/10/103202
https://doi.org/10.1088/0953-8984/26/10/103202
https://doi.org/10.1088/0953-8984/26/10/103202
https://doi.org/10.1088/0953-8984/26/10/103202
https://doi.org/10.1103/PhysRevLett.107.027205
https://doi.org/10.1103/PhysRevLett.107.027205
https://doi.org/10.1103/PhysRevLett.107.027205
https://doi.org/10.1103/PhysRevLett.107.027205
https://doi.org/10.1103/PhysRevB.84.054411
https://doi.org/10.1103/PhysRevB.84.054411
https://doi.org/10.1103/PhysRevB.84.054411
https://doi.org/10.1103/PhysRevB.84.054411
https://doi.org/10.1088/0953-8984/20/31/315203
https://doi.org/10.1088/0953-8984/20/31/315203
https://doi.org/10.1088/0953-8984/20/31/315203
https://doi.org/10.1088/0953-8984/20/31/315203
https://doi.org/10.1103/PhysRevB.86.020404
https://doi.org/10.1103/PhysRevB.86.020404
https://doi.org/10.1103/PhysRevB.86.020404
https://doi.org/10.1103/PhysRevB.86.020404
https://doi.org/10.1103/PhysRevB.96.024425
https://doi.org/10.1103/PhysRevB.96.024425
https://doi.org/10.1103/PhysRevB.96.024425
https://doi.org/10.1103/PhysRevB.96.024425
https://doi.org/10.1088/1361-648X/aac5a2
https://doi.org/10.1088/1361-648X/aac5a2
https://doi.org/10.1088/1361-648X/aac5a2
https://doi.org/10.1088/1361-648X/aac5a2
https://doi.org/10.1103/PhysRevB.94.144419
https://doi.org/10.1103/PhysRevB.94.144419
https://doi.org/10.1103/PhysRevB.94.144419
https://doi.org/10.1103/PhysRevB.94.144419
https://doi.org/10.1103/PhysRevB.91.174415
https://doi.org/10.1103/PhysRevB.91.174415
https://doi.org/10.1103/PhysRevB.91.174415
https://doi.org/10.1103/PhysRevB.91.174415
https://doi.org/10.1103/PhysRevB.92.100402
https://doi.org/10.1103/PhysRevB.92.100402
https://doi.org/10.1103/PhysRevB.92.100402
https://doi.org/10.1103/PhysRevB.92.100402
https://doi.org/10.1103/PhysRevB.98.214429
https://doi.org/10.1103/PhysRevB.98.214429
https://doi.org/10.1103/PhysRevB.98.214429
https://doi.org/10.1103/PhysRevB.98.214429
https://doi.org/10.1103/PhysRevB.6.3447
https://doi.org/10.1103/PhysRevB.6.3447
https://doi.org/10.1103/PhysRevB.6.3447
https://doi.org/10.1103/PhysRevB.6.3447
https://doi.org/10.1103/PhysRevB.78.014431
https://doi.org/10.1103/PhysRevB.78.014431
https://doi.org/10.1103/PhysRevB.78.014431
https://doi.org/10.1103/PhysRevB.78.014431
https://doi.org/10.1103/PhysRevB.86.115134
https://doi.org/10.1103/PhysRevB.86.115134
https://doi.org/10.1103/PhysRevB.86.115134
https://doi.org/10.1103/PhysRevB.86.115134
http://link.aps.org/supplemental/10.1103/PhysRevB.100.060409
https://doi.org/10.1088/1367-2630/10/6/063010
https://doi.org/10.1088/1367-2630/10/6/063010
https://doi.org/10.1088/1367-2630/10/6/063010
https://doi.org/10.1088/1367-2630/10/6/063010
https://doi.org/10.1103/PhysRevB.80.014408
https://doi.org/10.1103/PhysRevB.80.014408
https://doi.org/10.1103/PhysRevB.80.014408
https://doi.org/10.1103/PhysRevB.80.014408
https://doi.org/10.1103/PhysRevB.84.115114
https://doi.org/10.1103/PhysRevB.84.115114
https://doi.org/10.1103/PhysRevB.84.115114
https://doi.org/10.1103/PhysRevB.84.115114
https://doi.org/10.1103/PhysRev.82.565
https://doi.org/10.1103/PhysRev.82.565
https://doi.org/10.1103/PhysRev.82.565
https://doi.org/10.1103/PhysRev.82.565
https://doi.org/10.1016/0022-3697(66)90012-6
https://doi.org/10.1016/0022-3697(66)90012-6
https://doi.org/10.1016/0022-3697(66)90012-6
https://doi.org/10.1016/0022-3697(66)90012-6
https://doi.org/10.1103/PhysRevB.82.134440
https://doi.org/10.1103/PhysRevB.82.134440
https://doi.org/10.1103/PhysRevB.82.134440
https://doi.org/10.1103/PhysRevB.82.134440
https://doi.org/10.1002/pssb.2220580213
https://doi.org/10.1002/pssb.2220580213
https://doi.org/10.1002/pssb.2220580213
https://doi.org/10.1002/pssb.2220580213
https://doi.org/10.1063/1.3677928
https://doi.org/10.1063/1.3677928
https://doi.org/10.1063/1.3677928
https://doi.org/10.1063/1.3677928

