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We theoretically and experimentally studied the Gilbert damping evolution of both acoustic and optical magnetic
resonance modes in the layered flake CrCl; with an external magnetic field H applied in plane. Based on a Lagrangian
equation and a Rayleigh dissipation function, we predicted that the resonance linewidth AH as a function of microwave
frequency  is nonlinear for both acoustic and optical modes in the CrClz flake, which is significantly different from the
linear relationship of AH o< @ in ferromagnets. Measuring the microwave transmission through the CrCl; flake, we obtained
the w-H dispersion and damping evolution AH-® for both acoustic and optical modes. Combining both our theoretical
prediction and experimental observations, we concluded that the nonlinear damping evolution AH-@ is a consequence of
the interlayer interaction during the antiferromagnetic resonance, and the interlayer Gilbert dissipation plays an important
role in the nonlinear damping evolution because of the asymmetry of the non-collinear magnetizaiton between layers.

Keywords: Gilbert damping, antiferromagnetic resonance (AFMR), CrCls

PACS: 75.78.—n, 76.50.4-g, 75.50.Ee

1. Introduction

Antiferromagnets (AFMs) allow designing high-speed
and robust spintronic devices due to the advantages of
zero net magnetization and high resonant frequency up to
THz.!!-61 Studies on spin-transfer torque!’~'!1 and anisotropic
magnetoresistance!!>!3] explored the rich physics and ad-
vanced the potential applications by controlling and detect-
ing the magnetic order in antiferromagnets. Further devel-
opment and applications of devices based on antiferromag-
netic materials require a more comprehensive understanding
of antiferromagnetic dynamics. But different from ferromag-
netic dynamics, there is little known about antiferromagnetic

[14-16] dque to the more complex internal structures

dynamics
and higher resonant frequencies requiring terahertz techniques

to detect.[!-17-181]

To describe the magnetization dynamics of antiferro-
magnetic systems, a key issue is to find the proper form of
damping. Damping represents the dissipation of energy in
the magnetic system, which affects the response speed of
magnetic devices. It is inextricably linked to many mag-
netic phenomena such as spin pumping, spin transfer, and

19201 and plays an important role in

domain wall motion,!
the study of magnetic dynamics. In ferromagnetic systems,
there have been a lot of detailed studies on magnetization dy-

21-291 and a complete theory has been

namics with damping,|
formed to describe the ferromagnetic dynamics.?>>! Gener-
ally speaking, the magnetization dynamics in a ferromagnetic

system is determined by the Landau-Lifshitz—Gilbert (LLG)
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equation?%%!

it = ym X Hege — 0m X rin, (1)

where Hg is the effective field including the external field,
the exchange field and the anisotropy field. ¥ is the gyromag-
netic ratio. « is the Gilbert damping constant. The first term
on the right-hand side of Eq. (1) determines the precessional
motion of the magnetic moment in the ferromagnet around
the effective field. The second term is the Gilbert damping
which makes the direction of the magnetic moment gradually
align to the effective field. The linewidth of the ferromag-
netic resonance derived from the LLG equation shows a lin-
ear relationship with frequency AH-,?”) which produces a
good agreement with extensive experiments in the ferromag-

[30-331 S0 the magnetic damping in ferromag-

netic systems.
nets is usually investigated by linewidths due to the linear
relationship between ferromagnetic resonance linewidths and
damping.30-33]

Although there has been a great deal of research in an-
tiferromagnetic dynamics, there is still not a universally ac-
In the 1950s, Kittel

applied the Landau-Lifshitz equation to the two sublattices

cepted dynamic equation until now.

of antiferromagnet and calculated the resonance frequencies
of AFMs.34331 Following the classical Lagrangian approach
that has previously been employed for FMs by Gilbert,*?!
Kamra et al. used Lagrangian equations with Rayleigh dissi-
pation to describe the antiferromagnetic dynamics in 2019, 36!
and successfully predicted the enhancement of the dissipation

rate of ferrimagnets at the compensation point, which has a
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good agreement with recent experiments.'3%37 The same the-
ory was used by Yuan et al. to find a significant effect of the
dissipation moment on the magnon lifetime and domain wall
motion. 38 These studies are all for the case of collinear mag-
netization with an external magnetic field less than the spin-
flop field. In a non-collinear magnetization case, the damping
process would be expected to be different because the asym-
metry between the sublattices has an impact on dynamical spin
exchange interaction during the antiferromagnetic resonance
(AFMR). For example, in a layered antiferromagnet CrCl3, the
magnetization from each layer can be easily aligned to a non-
collinear case by an external magnetic field due to the relative
weak coupling. 3]

In this work, we studied the damping evolution of both
acoustic and optical magnetic resonance modes in CrCls,
again starting from the Lagrangian equation with Rayleigh
dissipation. 2239381 The equations depicting the antiferromag-
netic dynamics were established following the method of es-
tablishing the LLG equations in ferromagnets using the La-
grangian approach.[??) We obtained the same antiferromag-
netic dynamics equations with Kamra and Yuan ’s works. 36381
The Gilbert damping parameter was represented by a 2 x 2 ma-
trix containing intralayer as well as interlayer damping terms.
Then, we applied this theory to describe the antiferromagnetic
resonance in CrCls.[3! The expressions of the linewidths of
the optical and acoustic modes were obtained, which predict
the linewidth evolution of the optical and acoustic modes with
frequency. They both have a non-linear growth but the growth
trend of the optical mode is much faster than the acoustic
mode. Our experimental data also proved this point. Com-
bining both of our theoretical prediction and experimental ob-
servations, we concluded that the nonlinear damping evolution
AH-® is a intrinsic nature during the antiferromagnetic reso-
nance and the interlayer Gilbert dissipation plays an important
role in the non-linear growth of linewidth because of the asym-
metry of the non-collinear magnetization between layers.

2. The theory of antiferromagnetic dynamics

We consider the simplest antiferromagnet with two sets
of sublattices, whose magnetizations are described by M and
M, respectively. Here we describe this system in the frame of
the Lagrangian classical field theory, with introducing the so-
called Rayleigh dissipation functional R[M, M>]. Then the
Lagrangian equation describing the antiferromagnetic system

is given by
d JL aL IR

_—— = =——, 2
dr 8Ml (9M, 8M, @
where £ =T — U is the Lagrangian, and 7 and U are the ki-
netic energy and potential energy of the antiferromagnetic sys-

tem, respectively. The Rayleigh dissipation function R, which

describes the energy dissipation in the magnetization motion,
has the following form in the antiferromagnetic system:
1

R[M,, M, = 5

Y niiM;- M. 3)
ij=1.2
The parameter matrix 7;; quantities the intralayer and in-
terlayer dissipation rate of each sublattice magnetization mo-
tion, and the interlayer dissipation may derive from the spin
pumping effect between adjacent layers in AFMs. 38491 For
the antiferromagnet with two sublattices, the potential energy
U=—LUp 212=1 M; - H;, where H; is the effective field applied
to the i-th sublattice magnetization, and the Lagrange equation

can be simplified to

d T IT

dt 8M,

= upH,; — i M. 4
aM j=21’2 J=7)

The kinetic energy of a spin comes from the Berry
phase caused by spin motion.*!! For an antiferromagnet with

two sublattices, the kinetic energy can be rewritten as 7 =
_ZZ A; IM;

i=1 VM,Z at °
sponding to the i-th sublattice magnetization, which is decided

where A; is the magnetic potential corre-

by V x A; = M;.38 Replacing the kinetic energy term with
the above expression in Eq. (4), we can get
M; = poyM; x Hi—y Y. nijM; x Mj. (5)
j=12
We find that Eq. (5) has exactly the same form as the LLG

equation, with the following transformation:

o (miz)-m(pne)  ©
where we have made a simplification | M| = |M,| = M,
which is very reasonable for antiferromagnets. So far
we have obtained the equation describing the antiferromag-
netic dynamics, which is equivalent to the theory applied
in two-sublattice ferrimagnets at the compensation point in
Kamra’s work or Yuan’s theory for AFM system with two
sublattices. [36-38]

But there are still too many parameters in the matrix o.
Here we proceed to simplify. Firstly, due to the high symme-
try of the two sets of sublattices in the antiferromagnet, this
requires that the o matrix is symmetric and the diagonal ele-
ments must be equal, namely, 01 = Q2, Q12 = 1. Secondly,
according to the second law of thermodynamics, the entropy
of an isolated system does not decrease, so the energy of a
system without external energy input does not increase. This
implies that the eigenvalues and the elements of the damping
matrix ¢ must be non-negative.

When there is only one set of magnetic moments, the
term yn;; M; x M ; which describes the interaction between

the two sets of magnetic moments no longer exists and the
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equation naturally evolves into the LLG equation in ferromag-
net systems.??! And if we set ) = O, Eq. (5) becomes an equa-
tion for an undamped magnetization system, which is equiva-
lent to the Landau-Lifshitz equation in ferromagnets.

Then we apply the theory developed above to describe
the antiferromagnetic dynamics in the layered antiferromag-
net CrCls. In the macro approximation, we assume that the
magnetization direction is uniform within each layer in CrCls,
and use M, and M) to represent the total magnetic moment
of the two different sublattices. As for the selection of the ef-
fective field, we use the same form as in the Liu’s paper,*]
which has been shown to be well suited to describe the anti-
ferromagnetic dynamics in CrCl;. Thus, the LLG equation in
CrCls has the following form: 34333

di‘f‘ = oYM, x [HZI;MZ(MI ~z)z}
dfz = UoyM; x [HAHZ)MI (M2~z)z}
gy« SRR B )

where Hg is the interlayer exchange field and M, is the satura-
tion magnetization, | M| = | M| = M. Y is the gyromagnetic
ratio and z is along the crystal c axis perpendicular to sample
plane. And o = 011 = 0 is the Gilbert damping parameter
in the layer, o = ap; is the Gilbert damping parameter be-
tween layers, and H = H( + h is the external magnetic field,
where H) is the static magnetic field and h is the rf magnetic

o [(a — o12) Mo + 2(0tg — 0412 Hg cos® ¢ + 20a12Mo cos? ¢ |

3. The linewidth in the antiferromagnetic reso-
nance

In the work of Kamra and Yuan,[3%33] they discussed the
damping of the right-handed mode and left-handed mode in
AFMR when the external magnetic field was applied to the

136381 Different from the situation

direction of magnetization.
they discussed, here we discuss the damping of the optical
mode and acoustic mode in CrCl3. When the magnetic field
H, is applied in the layer plane and perpendicular to the direc-
tion of magnetization, Egs. (7) and (8) are symmetric around
the direction of the external magnetic field. Under a linear
approximation, we can solve Egs. (7) and (8) to obtain two
independent modes (optical mode and acoustic mode), which
can be excited by the microwave field in certain conditions.*°!
The optical and acoustic modes will form a Lorentzian reso-
nance curve. Their resonant frequencies @wp and wp have the

relationship with magnetic field as follows: 3!

o = UoY+/ 2HgMycos ¢, 9
OA = oY/ 2HE (2Hg + M) sin @, (10)

where ¢ is the angle of deflection of the magnetization direc-
tion under the external magnetic field and has the relationship
sin¢ = H/2Hg. This was the work of Liu et al., 1391 put the ef-
fect of damping was neglected in their work and the damping
evolution AH— was not further investigated. We have found
the appropriate damping to describe the dissipation of AFM
dynamics in CrCls, and in this way we obtain the linewidth
AH as a function of the microwave frequency. Here we do not
consider a broaden line width independent of the resonance
frequency, which is originated from the multi-domain state as
inhomogenous in the real sample.

AHo = , 1)
© UoYMo+/1 —cos? ¢
2H [ (ot — a12) (2Hg + Mo) + 2t — 0t12) H sin® ¢ + 2012 (2Hg + M) sin” ¢ |
AHp = . (12)

2Hg (ZHE + Mo)

Equations (11) and (12) constitute the main conclusions
of this paper and demonstrate that (i) the variation of linewidth
AH with frequency in antiferromagnets is not a simple lin-
ear relationship, which is very different from the linear rela-
tion oAH = poAHy + o /7y in ferromagnets,*%! and (ii) the
linewidth variation is still different between the optical and
acoustic modes, with the linewidth of the optical mode in-
creasing faster than the acoustic mode.

To gain further insight into the results presented in
Egs. (11) and (12), we plot the damping evolution AH-® of
the optical and acoustic modes in Fig. 1. The parameters em-
ployed in the figure are poHg = 95 mT, oMy = 330 mT and
Y = 28/2m GHz/T, which can well reflect the characteristics

of antiferromagnets with the weak interlayer coupling, such as
CrCl;. The damping parameter o is around 10~ in ferromag-
nets, such as YIG, and we therefore choose o and &, to be on
the same order of magnitude. And here we do not consider the
effect of the non-uniform linewidth. As shown in Fig. 1(a), the
linewidths of the optical and acoustic modes both grow nonlin-
early with the increase of frequency, but there is a clear differ-
ence between them. For the acoustic mode, the linewidth still
has a certain value at zero-frequency and grows more slowly,
while for the optical mode, the linewidth increases dramat-
ically from zero and surpasses the acoustic mode at around
4.5 GHz. To further investigate the effect of different damping
parameters 0, 01> on the linewidth, we fix 0 and change ;>
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in the Figs. 1(b) and 1(c). We do the opposite in Figs. 1(d)
and 1(e), and find that in the acoustic mode, the growth rate
of linewidth increases with the growth of ¢ or «>, and the
linewidth at the zero-frequency increases with the growth of
0, but reduces with the growth of a,. When oy = «», the
linewidth at the zero-frequency will disappear. In the optical
mode, the linewidth increases with the growth of ¢ as it does
in the acoustic mode. But with the growth of o, it grows at
low frequencies and decreases at high frequencies. Moreover,
the linewidth at the zero-frequency is always zero. Then we
can get the conclusion that the nonlinear damping evolution
AH-w is a consequence of the interlayer interaction during
the antiferromagnetic resonance, which is not decided by o
or o and the interlayer Gilbert dissipation also plays an im-
portant role in changing the value of the nonlinear linewidth.
We notice that the new damping term o> will have the ef-
fect only when the sublattice is asymmetric, according to the
theory of karma.3®! But in our work, the operation of apply-
ing an external magnetic field perpendicular to the direction
of magnetization has broken the centrosymmetry, so here the

new damping term oj> always exists.

(a) — AHg
40 NN
& 30+
T 20
4
k=]
210
ol I ——t— ] | | |
0 1 2 3 4 5 6 7
w/27 (GHz)
() ---- =0 50F (¢) ----am=0 !
121 — ;=001 — a;,=0.01
[ — - =002 | 40— — - -, =0.02
E 8 - é 30—
E Rt A m 20+
qc> 4—_/ qo
SO _.=7 £ 10f
I i N R | 2 s il
01234567 01234567
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£ - E
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T | 2
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Fig. 1. The linewidth AH as a function of the frequency for the optical mode
and acoustic mode. The curves in blue and red depict the optical and acous-
tic modes, respectively. (a) The curves are calculated according to Egs. (11)
and (12) by setting op = 0.02, ;2 = 0.01. For (b) and (¢) a9 = 0.02, o¢12 =
0, 0.01 and 0.02 correspond to dashed, solid and dash-dotted curves, respec-
tively. a2 =0.02, o = 0.02, 0.04 and 0.06 correspond to dashed, solid and
dash-dotted curves for (d) and (e), respectively.

4. Experimental results

Based on the above theoretical model, we conducted
experiments to investigate the resonance frequency and the
damping evolution AH—® of the optical and acoustic modes
in antiferromagnet CrClz. To measure the AFMR signal of
the antiferromagnet CrCls, an external magnetic field H =
Hy + h was applied to the CrClz/Pt bilayer to drive the an-
tiferromagnetic resonance. The microwave field component
h in the y—z plane was applied by placing a coplanar waveg-
uide along the x-axis. The static magnetic field Hy was ap-
plied along the y-axis. The microwave power was 100 mW
and the modulation frequency used for lock-in measurement
was 8.33 kHz. Thus, the optical mode and the acoustic mode
were driven by hy and h;, respectively. (391 In our experiments,
the CrCl3/Pt strip was placed along the x- and y-axis. The mi-
crowave transmission intensity was simultaneously measured
as a DC voltage through a diode. To perform measurements at
low temperatures, the device was placed in a cryogenic cham-
ber.

(a) w/27 (GHz)

w/2m (GHz)
W A& o o N ©

40 80 120 160
poH (mT)
12_(d) —ee- =0
ok — a;,=0.013
= @
E s fE
= I35
<«]:> 6 o @ <]o
3 . @ - o 3

3 4 5 6 7
w/27 (GHz)

w/27 (GHz)

Fig. 2. (a) Evolution of the AFMR in CrClz measured by DC voltage
through a diode. The dispersion (b) and the damping evolutions (c) of the
optical and acoustic modes in CrCl;. The damping evolutions with different
ap, of the optical (d) and acoustic modes (e) in CrClz. The blue curve and
the red curve in (b) are plotted according to Eqgs. (9) and (10), respectively.
The blue and the red curves in (c)—(e) are plotted according to Eqs. (11) and
(12), respectively. And the dashed curves different from solid curves are the
parameter a2 = 0.
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The evolution of AFMR in CrClj3 is measured in DC volt-
age by sweeping magnetic field at fixed frequency w as shown
in Fig. 2(a).

Figure 2(b) shows the results in which the resonant fre-
quencies of the optical and acoustic modes are as a function
of the magnetic field H. We use Egs. (9) and (10) to fit the
resonance frequencies. ! These fits are shown by the red and
blue lines in Fig. 2(b), which represent the optical and acous-
tic modes, respectively, with fit parameters of yuyHg = 95 mT,
UoMy =330mT and y/27 = 28 GHz/T. As shown in Fig. 2(b),
with the choice of the above parameters, the fitted curves
agree well with our experimental data, both for the optical
and acoustic modes. And this result has been confirmed by
the work of Liu er al.’®! But the damping is neglected in
their work which is very important to the antiferromagnetic
dynamic.

Here we further study the damping evolution AH-@® of
the optical and acoustic modes, which are shown in Figs. 2(c)-
2(e). Then we use Egs. (11) and (12) with different non-
uniform linewidth terms AHpg and AHag to fit the linewidth
of the optical and acoustic modes. The parameters Hg and
M are fixed, which have been obtained from fitting the res-
onant frequency above.3°! These fits are shown by the red
and blue solid lines in Figs. 2(c)-2(d), which represent the
optical and acoustic modes, respectively. The fit parameters
employed are o = 0.02, a2 = 0.013, AHpp = 3.18 mT and
AHap = 1.30 mT. As shown in Figs. 2(c)-2(e), in the range of
3 GHz to 7 GHz, our theory agrees very well with the exper-
imental data for the optical, and for acoustic modes, there is
a small deviation between the experimental data and the the-
oretical prediction which may originate from our experiment
with large error bar, but the trend of variation between the the-
oretical and experimental data is the same. The optical and
acoustic modes both show a non-linear increase in linewidth
with increasing frequency. Moreover, our theory and experi-
ments also show that the optical mode will have a dramatic in-
crease in linewidth with increasing frequency. But for acoustic
mode, the increasing trend is more gentle than optical mode as
shown in Fig. 2(c). So at high frequencies, the linewidth of
optical mode will be much larger than acoustic mode. To fur-
ther study the role of ¢j> in damping, we set & = 0 in the
red and blue dash lines as a contrast in Figs. 2(d) and 2(e), and
other parameters are the same as the solid lines. But there is no
very huge difference between the dashed lines and solid lines
in Figs. 2(d) and 2(e). Although our theory predicts that o>
has a significant effect on linewidth, further experiments are
needed to verify that.

5. Summary

In this work, we have theoretically and experimentally
investigated the Gilbert damping evolution AH-@ of optical

and acoustic mode with frequency in the layered antiferro-
magnet flake CrCls. We discovered that the linewidths of both
optical and acoustic modes have a nonlinear positive corre-
lation with frequency in AFMs, which is different from the

linear relationship in ferromagnets. We developed suitable

damping from the Lagrange equation with the Rayleigh dis-
sipation functional to account for the linewidth of the optical
and acoustic modes and predicted nonlinear AH-® relation-
ship for both optical and acoustic modes, which is in agree-
ment with our experimental observations. Combining both
our theoretical prediction and experimental observations, we
concluded that the nonlinear damping evolution AH-® is a in-
trinsic nature, which is derived from the interlayer interaction
during the antiferromagnetic resonance. Our work provides
a method for extracting damping parameters from antiferro-
magnetic linewidths, allowing a quantitative measure of the
magnitude of dissipation in antiferromagnetic resonances.
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