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We report on a first principles study of anti-ferromagnetic resonance (AFMR) phenomena in
metallic systems [MnX (X=Ir,Pt,Pd,Rh) and FeRh] under an external electric field. We demonstrate
that the AFMR linewidth can be separated into a relativistic component originating from the angular
momentum transfer between the collinear AFM subsystem and the crystal through the spin orbit
coupling (SOC), and an exchange component that originates from the spin exchange between the
two sublattices. The calculations reveal that the latter component becomes significant in the low
temperature regime. Furthermore, we present results for the current-induced intersublattice torque
which can be separated into the Field-Like (FL) and Damping-Like (DL) components, affecting the
intersublattice exchange coupling and AFMR linewidth, respectively.
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Spintronics is a field of research exploiting the mu-
tual influence between the electrical field/current and
the magnetic ordering. Todate the realization of conven-
tional spintronic devices has relied primarily on the ferro-
magnetic (FM) based heterostructures’ 6. On the other
hand, antiferromagnetic (AFM) materials, have been re-
cently revisited as potential alternative candidates for ac-
tive elements in spintronic devices”®. In contrast to their
FM counterparts, AFM systems have weak sensitivity
to magnetic field perturbations, produce no perturbing
stray fields, and can offer ultra-fast writing schemes in
terahertz (THz) frequency range. The THz spin dynam-
ics due to AFM ordering has been experimentally demon-
strated using all-optical®!'?, and Néel SOT'"'2 mecha-
nisms.

One of the most important parameters in describing
the dynamics of the magnetic materials is the Gilbert
damping constant, a. Intrinsic damping in metallic bulk
FMs'314 is associated with the coupling between the con-
duction electrons and the time-dependent magnetization,
m(t), where the latter in the presence of spin-orbit cou-
pling (SOC) leads to a modulation (breathing) of the
Fermi surface!® and hence excitation of electrons near the
Fermi energy. The excited conduction electrons in turn
relax to the ground state through interactions with the
environment (e.g. phonons, photons, etc), leading to a
net loss of the energy/angular momentum in the system.
While the damping in FMs has been extensively stud-
ied both experimentally and theoretically, the damping
in metallic AFM has not received much attention thus
far.

Manipulation of the damping constant in magnetic de-
vices is one of the prime focuses in the field of spintronics.
Conventional approaches to manipulate the damping rate
of a FM rely on the injection of a spin polarized current
into the FM. The spin current is often generated either
through the Spin Hall Effect (SHE)*16 by a charge cur-
rent passing through a heavy metal (HM) adjacent to the
FM in a lateral structure, or spin filtering in a magnetic

tunnel junction (MTJ) in a vertical heterostructure!”.

Similar mechanisms have also been proposed®!#22 for
AFM materials, where the goal is often to cause sponta-
neous THz-frequency oscillations or reorientation!!»23-25
of the AFM Néel ordering, 7i(t) = (m1 — m2)/2. Here,
Mg is a unit vector along the magnetization orientation
of the sublattice s. In contrast to the aforementioned
studies that require breaking of inversion symmetry to
induce Néel ordering switching, in this work we focus on
the current-induced excitation of the sublattice spin dy-
namics of bulk metallic AFM materials with inversion
symmetry intact, and hence no Néel SOT!1:12:26,27,

The objective of this work is to, (1) provide a gen-
eral analytical expression for the AFMR?2® frequency and
linewidth in the presence of current-induced sublattice
torque, and (2) employ the Kubo-like formalism with first
principles calculations to calculate the Gilbert damp-
ing tensor, asy (s,s =1,1), and the field-, 7y, and
damping-like, 7py,, components of the sublattice torque
for a family of metallic AFM materials including MnX
(X=Ir,Pt,Pd,Rh) and FeRh, shown in Fig. 1. We demon-
strate that the zero-bias AFMR linewidth can be sepa-
rated into the relativistic, I'" = Aag/2M, and exchange,
I = Kag/2M components?, where oy = Do sy
ap = g — ZS a3, M is the magnetic moment of each
sublattice, A\ is the intersublattice exchange interaction,
and /C is the magnetocrystalline anisotropy energy. In
agreement with recent first principles calculations®®, we
find that a4 is about 3 orders of magnitude larger than
), indicating the crucial role of the exchange component
to the AMFR linewidth. Our calculations reveal that
at high temperatures due to the interband contribution,
the relativistic component becomes the dominant term
in the AFMR linewidth, while at low temperatures both
exchange and relativistic components contribute to the
AFMR linewidth on an equal footing. We further demon-
strate that the current-induced antidamping- (field-) like
torque changes the AFMR linewidth (intersublattice ex-
change interaction), thereby allowing the manipulation of
the damping constant (Néel temperature) in bulk AFM
materials.



FIG. 1: (Color online) Crystal structure of (left:) MnX with
(X=Ir,Pt,Pd,Rh) and (right:) FeRh used for the first principle
calculations, where the corresponding spin configuration and
primitive cells are shown with solid lines.

Precessional magnetization dynamics of AFMs is of-
ten described by a system of coupled equations for each
spin sublattice,2%-22:3! where a local damping constant o
is assigned to each of the two sublattices ignoring the ef-
fects of the rapid (atomic scale) spatial variation of the
magnetization on the damping constant due to the AFM
ordering. Taking into account the Gilbert damping ten-
sor, asy, the coupled LLG equations of motion for the
two sublattices can be written as,
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where the local effective field in the presence of the ex-

ternal electric (Eey¢) and magnetic (Beyt) fields, is given
by,
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Here, A is the exchange coupling between the two sub-
lattices, 7%, (7%;) is the current-induced intersublat-

tice damping-like (field-like) torque component and K i(fs)

(K. 54)) is the second (fourth) order magneto-crystalline
anisotropy energy (MCAE). Eq. (2) shows that the ef-
fect of 72, is to renormalize the intersublattice exchange
coupling, \' = X + Me7%, - Eopt.

In the following, without the loss of generality, we as-
sume K3 = 0 and K'Y > 0, where in the absence of an
external magnetic field the magnetization relaxes towards
the é,-axis which can be either in- or out-of-plane. Con-
sequently, we consider m(t) = mZé, + dmy(t), where,
mZ = £1 and dm,(t) is small deviation of the magnetic
moment normal to the easy (é,) axis. Solving the result-
ing linearized LLG equations of motions, the poles of the

transverse dynamical susceptibility yield two oscillating
modes with resonance frequencies, w;, given by
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where, M = |M,|, K; = K](-z) + K® and the AFMR
linewidth

L =T"+T5" = ﬁ (ono + ICjozd), (4)
can be separated into a relativistic component originat-
ing from the angular momentum transfer between the
collinear AFM orientation and the crystal through the
SOC, and an exchange component that originates from
the spin current exchange between the two AFM sublat-
tices. For a system with uniaxial MCAE, Eq.(3a) can
be used in both cases of out-of- and in-plane precessions
with Kg(fg, = |K(f)| and Kf) =0,KP = |K(f)|, respec-
tively, where |K(f)| is the amplitude of the out of plane
MCAE. Eq. (3a) is the central result of this paper which
is used to calculate the AFMR frequency and linewidth
and their corresponding current-induced effects. A more
general form of Eq. (3a) in the presence of an external
magnetic field along the precession axis is presented in
the Supplemental Material32.
Eq. (3a) also yields the effective Gilbert damping
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Similarly to the linewidth, « can be separated into

J
the relativistic, o =T/ w? and exchange, a5 = 4"/ w?,
contributions. To understand the origin of the relativistic
component of the AFMR linewidth, one can use a uni-
tary transformation into the rotating frame of the AFM
direction, where o can be written in terms of the ma-
trix elements of Hgoc using the spin-orbital torque cor-
relation (SOTC) expression,'* also often referred to as
Kambersky’s formula'?,

h ~ ~ A
g = TN ZTT(AE[HSOC’ 0'+]AI‘C‘[HSOCa U_D' (6)
k

Here, /Al]g = Im(G%) is the spectral function, G% is the
retarded Green function calculated at the Fermi energy,
20t = 0o, + ioy are the spin ladder operators, and Ny
is the number of k-point sampling in the first Brillouin
zone.

A similar approach applied to the intersublattice ele-
ments of the damping tensor leads to a relationship be-
tween different elements of ay, rather than an explicit
expression for each element. This is due to the fact that
in the rotating frame of one sublattice, the other sublat-
tices precesses. Therefore, to calculate cg we employ the



original torque correlation expression'® ,

where A% is the exchange spitting of the conduction elec-

trons for sublattice s.32

Since, for AFMs with Néel temperature above room
temperature A > K;, one might conclude that a” >
a®” and the effects of the intersublattice spin exchange
on the AFMR line-width becomes negligible. However,
since |ag;| is proportional to the intersublattice hopping
strength3? one can expect to have ||y || > . There-
fore, the interplay between the relativistic and exchange
terms is material dependent, where, for systems with
A > K;, the effect of the intersublattice spin exchange
on the AFMR linewidth may dominate.

The crystal structure, conventional and primitive cell,
and the AFM ordering of the MnX (X=Pt,Pd,Ir,Rh)
family of metallic bulk AFMs and the biaxially strained
AFM bulk FeRh is shown in Fig. 1. The details of the
electronic structure calculations of the various damping
and antidamping properties are described in detail in the
Supplemental materials®?. Table lists the ab initio re-
sults of the sublattice magnetic moment, M, ¢/a ratio,

magnetocrystalline anisotropy energy, Kf) , intersublat-
tice exchange interaction, A, and ratio of the longitudinal
conductivity to the broadening parameter, p,.. /7, for the
FeRh and MnX systems, respectively. We also list exper-
imental values of the room-temperature p,, which were
used to determine the broadening parameter. For FeRh
we provide the linear dependence of K(f) as a function
of biaxial strain, © = ¢/a — 1, which shows that under
compressive (tensile) biaxial strain the magnetization is
along the ¢ (a) axis*. For the MnX family the magne-
tization is along the a axis except for MnPt. The MCA
values for both MnX and FeRh are in good agreement
with previous ab-nitio calculations*®43.

We also list in Table values of ay and «
sublattice magnetization parallel to the @(¢) axis, and
the relativistic (o] ) and exchange («5*) damping com-
ponents of the effective Gilbert damping for 7 at room
temperature and 77/10 corresponding to low temperature.
The decrease (increase) of the damping constants with
decreasing temperature is associated with the conductiv-
ity (resistivity)-like regime where the inter-(intra-) band
scattering contribution is dominant. We find that for the
71 value corresponding to room temperature the AFMR
linewidth is mostly dominated by the relativistic compo-
nent, while at low temperatures the two components are
comparable in magnitude. For FeRh a relatively large
strain (i.e. x ~ 0.1) is required to render the exchange
component have a significant contribution to the AFMR
linewidth at low temperature.
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In Fig. 2(a) we show the variation of ay and ay
with 7 for cubic FeRh as a representative example. We
find that in the experimentally relevant range of n (=

10 - 100 meV) «p is in the resistivity regime where the
interband component is dominant. On the other hand,
ag decreases monotonically with 7, suggesting that the
intraband component is dominant. Unlike oy which may
depend on the orientation of the Néel ordering, agy is
relatively isotropic.

Finally, Table lists the values for the current-induced
FL- and DL- intersublattice torque coefficients, 72:2 /DL

under an external electric field along the i (a or ¢) direc-
tion. The sublattice torques are determined by fixing the
orientation of the 5 sublattice magnetization and calcu-
lating the torque for different magnetization orientations
of the s-sublattice, using the symmetric and antisymmet-

ric correlation expressions*?,
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Here, f r is the Fermi-Dirac distribution function and

€,,i are the eigenvalues of the Hamiltonian H z- Having
determined the torques, we fit the results to the expected
Tg’irﬁs x ms and T%Z’r?ls X (Mg X M) expressions and find
the values for the FL and DL torque coefficients. The
calculations reveal that the symmetric (anti-symmetric)
torque expression leads to the DL (FL) component, in
contrast to the SOT results in HM/FM bilayers**.

Fig. 2(b) displays the current-induced FL and DL in-
tersublattice torques under an external electric field along
the a direction for FeRh, as a representative example, ver-
sus the broadening parameter 7. Note, the FL. compo-
nent that originates from the antisymmetric torque term
[Eq. 8b] is relatively insensitive to n (or temperature).
On the other hand, the DL intersublattice torque varies
almost linearly with n (for n <0.1 eV) and is of extrin-
sic origin. Thus, in the ballistic regime where the elec-
tronic spin diffusion length is infinite, there is no current-
induced transfer of angular momentum between the two
sublattices, as it would violate the conservation law of
total angular momentum. In the extreme opposite limit,
where the spin diffusion length is much smaller than the
lattice constant, each sublattice can be viewed as a mag-
netic lead in a spin valve system where the intersublattice
DL torque is analogous to the DL-spin transfer torque.

Im summary, we have employed ab-initio based cal-
culations to investigate the AFMR phenomena in MnX
(X=Ir,Pt,Pd,Rh) and biaxially strained FeRh metallic
AFMs in the presence or absence of an external electric
field. We demonstrate that both the AFMR linewidth
and effective Gilbert damping parameter can be sep-
arated into a relativistic and exchange contributions,
where the former dominates at room temperature while



TABLE I: Calculated sublattice magnetic moment (M), magnetocrystalline anisotropy energy per unit cell, (KQJ‘), intersub-
lattice exchange coupling per unit cell (\), ratio of the resistivity (pz.) to the broadening parameter, 1, and the experimental
values of p,,. We also list values of ayq, agls”a(C) for sublattice magnetization parallel to the @(¢) axis, the relativistic (a')
and exchange (a$”) damping parameter for out of plane oscillation mode, for  and 1/10 corresponding to the high- and low-
temperature regimes, respectively. Finally, we list values of the sublattice current-induced field-like (TSJLE |\a(a')) and antidamping-
like (T%LE”a(E)) components of the spin-orbit torques under an external electric field along the @ (¢)-axis for room-temperature
broadening.

|Ms| c¢/a K& A paa/n pETP 7 o agﬁs”a ol o % L0.E|a(@) To,fna(a)
(us)  (meV) (V) () (0em) (mev)  (107%) (10%) (107%) (1% (10°A) (10-°A)

FeRh 3.1 1+z -12z 044 34 ~100% 29 025 08 08 1.7/\/jz] 1.5y/]z[ 33 (33) -14 (-14)
2.9 25 027 027 0.6/\/|z] 15|z

MnRh 3.1 094 -0.7 042 0.57 95° 166 0.13 33 3.9 10 0.6 10(7) 6 (-3)
166 045 15 17 5 2

MnPd 3.9 093 -06 05 26 223° 103 03 05 06 1.6 0.9  -2(-5) 93(4)
103 18 01 05 1.3 5.6

MnPt 3.8 093 045 048 2.7 119,%164° 48 043 22 7.1 6.7 12 -15(17) 1(11)
48 35 15 21 4.6 10

MnIr 26 097 -59 04 05 176269 350 022 36 35 39 36 7(13) 18 (-7)
35 036 14 11 12 6

aRef.33; bRef.34; CRef.35; dRef.36; eRef'35,37739

the latter becomes significant at low temperatures. We

—

—
(=]

(a) < (b) find that both the AFMR linewidth and the intersub-
:g 10°} 13 lattice exchange interaction (and hence the AFMR fre-
g B ; i Field-Like - quency and Néel temperature) can be tuned by the exter-
< _a g | [— Damping-Like nal electric field. For example for AFM FeRh an external
£ 107 0 18 electric field of 1 V/um (current density of ~ 102 A /m?)
E 3 -0.02 yields an intersublattice FL torque of 3.3 meV (= 0.01)\)
e 10} ] 2 -0.04 and DL torque of 1.4 meV = 2.1 THz change of AFMR

10;‘0_3 1(-)_2 1(-)_1 100% _0_01U - > - 0 linewidth.
Broadening,n (eV) Broadening,n (eV)

FIG. 2: (Color online) (a) Sublattice Gilbert damping aq
(dashed blue curve) and «ag (solid red curve) components for
bulk cubic FeRh versus broadening parameter n. (b) Sub-
lattice current-induced FL (dashed blue) and DL (red solid)
torque coefficients for FeRh under an external electric field
along the a-axis. The coefficients were calculated by fitting
the vector dependence of the DL (o s X (1M X m5)) and The work is supported by NSF ERC-Translational Ap-
FL (o< ms X 1is) expressions for the symmetric and antisym-  plications of Nanoscale Multiferroic Systems (TANMS)-
metric components in Eq. 8a, respectively. Insets display the  Grant No. 1160504 and by NSF-Partnership in Research
top-view of the vector field of the FL- and DL- torques for and Education in Materials (PREM) Grant Nos. DMR-

cone angles < 307. 1205734 and DMR-1828019.
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