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We investigate spin pumping current injected by the nutation resonances of a ferromagnet (FM) or an
antiferromagnet (AFM) into an adjacent metal. Comparing the dc spin pumping current between the normal
precession and the nutation resonances, we find that the ratio of spin pumping current at the nutation resonance
to the precession resonance is more pronounced in AFMs. We further show that the spin pumping current injected
by the nutation resonance is opposite in sign as compared with the normal precession mode. This could offer a
useful experimental signature for identifying such nutation resonances. Analyzing the nature of the nutational
eigenmodes, we show that the sign change in spin current is rooted in a reversal of the precession sense for the
nutation mode(s). Furthermore, the nutational modes in AFMs are found to be dominated by precession of one

of the two sublattices only.
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I. INTRODUCTION

The ultrafast manipulation of spins at the terahertz frequen-
cies has paramount scientific and technological interest. Most
spin dynamics experiments have been explained so far by
the traditional Landau-Lifshitz-Gilbert (LLG) phenomenol-
ogy [1-7], which describes a precessional motion of spins
around an effective field and an energy dissipation via a vis-
cous damping term [8,9]. However, at ultrafast time scales, the
LLG equation has been found to be insufficient [10,11].

To address this shortcoming, the LLG phenomenology has
been extended to account for magnetization dynamics in the
inertial regime [12,13]. Essentially, the inclusion of magnetic
inertia leads to a spin nutation at the ultrashort time scales
and can be incorporated via a double-time derivative of the
magnetization, i.e., M X M [14,15]. The inertial LLG (ILLG)
equation of motion for two sublattice systems has the form

. M . .
M; = —y;(M; x H )+ATOX[%M[+U[M[]’ 9]
A
with the gyromagnetic ratio y, the effective field H°", the
ground-state magnetic moment M, the Gilbert damping pa-
rameter «, and the inertial relaxation time 1. The index “i”

“mondal @fzu.cz
Takashdeep.kamra@uam.es

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by Bibsam.

2469-9950/2021/104(21)/214426(7)

214426-1

denotes the sublattice. In general, Gilbert damping in a two
sublattice and the inertial relaxation time are tensors [16-20].
Here we treat them as scalars for simplicity and in an attempt
to capture the leading-order effects. The emergence of spin
nutation has been attributed to several proposed mechanisms
[21-28]. The characteristic time scales of the nutation 1 have
been predicted to be in a range of 1—-100 fs [29,30]. Ex-
perimentally inertial relaxation time n is found to be about
hundreds fs in two sublattice FMs [31].

The spin nutation additionally introduces a second res-
onance in the FM resonance (FMR) spectrum, however,
at a higher frequency in THz range. Such a resonance is
called FM nutation resonance (FMNR) [32,33]. Moreover,
the precession resonance frequencies are decreased due to
the spin nutation [30,32,34]. In a more recent experiment,
several higher-order nutation resonances have been observed
[35]. With rapid recent progress, new pathways for the
role of nutation in practical devices have already started to
emerge [36].

Despite several signatures in ultrafast spin dynamics ex-
periments attributed to nutation modes [29,31,35], further
smoking gun validations are needed. Complementary to a
time-resolved tracking of the magnetization dynamics, the
spin pumping current [37,38] injected by the latter into an
adjacent metal has emerged as a powerful probe. It has already
been employed in investigating a broad range of phenom-
ena from the spin Seebeck effect [39-44] to AFM resonance
[45-47] and over a broad range of time scales. With the
anticipation that spin pumping current driven by the nuta-
tion mode might be very different from the conventional
resonance modes, we theoretically investigate this hypothesis
in both FMs and AFMs here finding valuable results and
insights.

Published by the American Physical Society
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In this article, we theoretically investigate the dc spin
pumping current injected by a magnet driven by an oscillating
magnetic field into an adjacent metal. We consider both FMs
and AFMs and focus on their nutation modes. We find that
the spin current at the nutation resonance is negative, while
the spin current at the precession resonance is positive. Our
results also show that the spin current at the nutation reso-
nance increases with increasing inertial relaxation time 7 in
FM and AFM. The computed ratio of spin currents at the
nutation to the precession resonance shows that the nutation
spin current is more pronounced in AFM. We delineate the
nutation eigenmodes finding the FM nutation to entail magne-
tization precession in the opposite sense compared with the
normal precession mode. In AFM, the nutation modes are
characterized by a larger precession cone for one of the two
sublattice magnetizations, thereby departing from the nearly
collinear dynamics in the conventional AFM resonance. These
features may enable a clear distinction of the nutation modes
in experiments.

We now comment on the potential significance of higher-
order spin torques in describing spin dynamics. In comparison
to Eq. (1), the third- and fourth-order spin torques have the

following forms ¢ (M x M ) and §(M x M), respectively (the
sublattice index i has been omitted). Such perturbative ex-
pansion entails a progressive smallness of the higher-order
terms making them relevant at increasingly higher frequen-
cies. Presently, estimates for the corresponding coefficients ¢
and § are not known. At THz frequencies, the second-order
spin torque term is enough to describe the spin dynamics
and be fully consistent with the experimental observations.
Therefore we restrict ourselves to Eq. (1) and analyze the
precession and nutation resonances within the linear-response
theory.

II. SPIN PUMPING IN FMs

We consider a FM with a single sublattice as M = M2
at the ground state that is under the influence of an exter-
nal Zeeman field H = HyZ. Such a FM can be described
by the following free-energy F(M) = —HoM, — KM? /M3,
where K is the uniaxial anisotropy energy and Mj is the
ground-state magnetic moment. The effective field that enters
into the ILLG equation can thus be calculated using H°" =
—dF /oM.

When a small oscillating transversal field h(t) =
he(t)X + hy(t)y is applied, the small magnetization
oscillations are induced such that time-dependent

magnetization is M) =m ()% +my(t)y +M (12,
where  M.(t) = VM — m2(t) — m(t) ~ Mo. Within the
linear-response theory in the circular basis described by
hi = hy £ ihy = he*™ and my = m, + im, = me*®', the
calculated susceptibility expression is [48]

my = yMo he = gehe, Q)
Qo — nw? — w + iva
where Qo = A%O[HOMO + 2K]. The poles of the susceptibility

determine the resonance frequencies. Without the nutation
term 7, only a FMR frequency is obtained. However, the spin
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FIG. 1. The calculated spin pumping dc current for inertial relax-
ation times 7 =0 s and n = 10713 s. The used parameters are M, =
2up, K 1023Jy—176><1011 s =005 Hy=1T,
|h| =107 T, g!¥ =10 m

nutation additionally introduces a second resonance FMNR
frequency. These two frequencies are [48]

JTF a9, — 1

WFMR = —277 s (3)
T+ + 1
WFMNR = _T. 4

The negative frequency in the nutation resonance dictates
the fact that the nutation resonance has opposite handedness
of rotation compared with the FMR [48,49]. This has been
further corroborated by an analysis of the nutation eigenmode
presented in Appendix A.

The dc component of a generated spin current density can
be expressed as [37,50]

w 21 /o h

jS = 5 _gr

)y In [M(1) x M(t)].d &)

M2
We calculate the spin current in the circular basis and [M () x
M (O)]; = 5lmym_ —m_m,]. Using Eq. (2), the calculated
spin current has the expression

. h wy? 2

Js= 1= —el [(Qo Tk — o) ok |h] ] (6)
Figure 1 displays the spin current computation results ob-
tained without and with inertial relaxation time n = 10~13 s
We denote the calculated spin current at FMR frequencies
as jFfMR and at nutation frequencies as j™NR. Note that the
spin current at the FMR frequencies has a positive sign;
however, the calculated spin current at the nutation resonance
frequencies has the opposite sign. The reason is that while
the precession mode rotates anticlockwise, the nutation mode
rotates clockwise.

Nonetheless, we calculate the ratio of spin currents calcu-
lated at several inertial relaxation times 7 in Fig. 2. Note that
the ratio of spin currents is independent of several parameters
including spin mixing conductance g'*, small field A, etc.
We emphasize that the spin current at the nutation resonance
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FIG. 2. The ratio of spin current for FMs at the nutation reso-
nance to the precession resonance vs inertial relaxation time 7. The
used parameters are My = 2uup, ¥y = 1.76 x 10" T-1.s7! oo = 0.05,
K=10%J,and Hy=0T.

increases linearly with 1, while the current at the precession
resonance stays almost constant. Such an observation can
easily be understood from Eq. (6). The FMR frequency lies
in the GHz regime and its shift due to nutation is small
in FMs. Therefore, the calculated spin current at the FMR

J

1
Qu £ ivoy — naw?® —
hae) VAMAO( A Tivay — Naw” — o)
hpe )~ J

MyoMpoy

with the following definitions 2, = My—:‘m(J + 2K, + HoM ),
Qp = A;—;(J + 2Kp — HyMpy). For an AFM, we consider,
Ya=yB =Y, Mao =Mpy=Mo, Ky =Kp =K, ay = ap =
o, N4 = ng = n. With the assumption that J > HyM, and
J > K, we have Q4 ~ Qp ~ yJ/M,. Therefore, the obtained
approximate frequencies of the antiferromagnetic precession
resonance (AFMR) and antiferromagnetic nutation resonance

(AFMNR) are [48,51]

n 14 4JK ©)
WARMR X £ | ——,
AEMR Mo o Iy T
M,
1+ 2nyJ
M,
WAFMNR ~ * 0 (10

n

Note that unlike FM, the AFM has two sublattices mean-
ing there are two precession resonance frequencies and
corresponding two nutation frequencies. However, we also
mention that in a two sublattice FM there are two of
each precession and nutation resonance frequencies, e.g.,
CoFeB [31,34].

First we examine and compare the conventional and
nutational eigenmodes in an AFM. To this end, we set

is roughly proportional to wl;l\l/IR ~ 1/Q0 + n. However, the
dominant spin current contribution at the FMNR is a);h}[NR ~
—n. Therefore, at smaller 7, the ratio of spin currents is linear
in 1; however, the ratio deviates from linearity at larger 7.

II1. SPIN PUMPING IN AFM

We consider an AFM having two sublattices, namely, A and
B. The ground state of such AFM is M4 = M4oZ and M =
—MpoZ under an influence of external applied Zeeman field
H = HyZ. The free energy of the system [18,48]

F(Ma, Mg) = —Ho(My: + Mpg,)

K« , Ksg , J
— o Mie = 3o M. + o ——Ma - Mp,
MAO MBO MAOMBO

(N

containing the Zeeman field, uniaxial anisotropy energies for
individual sublattices in terms of K4 and Kjp, and the inter-
sublattice magnetic exchange energy J. The effective field in
the ILLG equation can be calculated using the following defi-
nition: HS" = —9F/dM, and HS" = —3 F /dM . Similar to
our consideration of FM, we calculate the AFM susceptibility
assuming by = hg and My (t) = MoZ + ma(t) and Mp(t) =
—MpoZ 4+ mp(t). In the circular basis, the inverse susceptibil-
ity expression for AFM is obtained as [48]

J
m
| MA()MB() (mAi> , (8)
(Q2p Lt iwag — 7736()2 + w) B+

veMpo

(

hat = hpy = 0 and @ = 0 in Eq. (8) and obtain two following
equation for my 4 and mg, :

J

(Q4 — 10” — )mas + o, =0, (11)
M,
J

(Q — na® + w)mpy + jyva =0. (12)
0

Two of such similar equation can also be obtained for m,_
and mp_. At AFMR, we drop the nutation term and the ratio
between m4 and mp, is obtained as

yJ
1
My Mo o (3)
mp Q4 — wARMR 1 — ean=n

One can easily calculate that “’A%;MO <« 1 and can be ne-
glected. Therefore, we obtain my, ~ —mp, implying that
the two sublattice magnetizations remain nearly antiparallel
subtending almost equal cone angles 64 ~ 6 in AFMR, as
depicted in Fig. 3 (left panel).

For nutation mode, we similarly obtain the ratio with the
leading term in AFMNR frequency as wapmnr ~ 1/7 as

yJ
ma M() 1
m— = _Q — — = 1 (14)
B+ A — NWARMNR — WAFMNR oy 1
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Precession Modes

Nutation Modes

FIG. 3. The precession and nutation modes in AFMs. The pre-
cession modes behave as normal AFMs, but for the nutation mode,
the spins are not antiparallel giving rise to faster dynamics in
one sublattice, while the dynamics is not experienced by the other
sublattice.

Employing % > 1, we find ms, < mp,. This means at the
AFMNR, the two sublattices do not align exactly antiparallel,
giving rise to large cone angle in one sublattice, while the
other sublattice precesses with a much smaller cone angle.
These characteristics of the nutation eigenmodes have been
shown in Fig. 3 (right panel).

Next we calculate the spin pumping current following
Refs. [52,53]. To this end, we consider the effects of intra-
sublattice and also cross-sublattice terms in the spin pumping
current. The spin mixing conductance for an AFM interfaces
with a metal is a 2 x 2 tensor and depends sensitively on
the interface [52,54]. A disordered interface (expected to
be common) effectively behaves as an uncompensated in-
terface [52,54]. Here we report the contributions due to the
intra-sublattice and cross-sublattice spin pumping separately,
keeping in mind that the final result is a weighted sum of the
two where the weight depends on the interface [52,54]. The
intra-sublattice contributions can be calculated as M4(t) x
Ma(t) +Mp(t) x Ms(t) = w(mama— +mp mp_) and the
cross-sublattice contributions as M4 (1) x M(t) + Mp(t) X

M (1) = w(ma mg_ + mg,ma_). The computed spin current
due to intra- and cross-sublattice contributions become

. h MA-MAs | Mp-—Mig
IR VAU, at - 15
Js,Intra 4 8r < Mio MéO )
h MA-Mp | M-I
, — My a)( A . A+)' 16
Js,Cross A7 8 MAOMBO MBOMAO ( )

The total spin current is calculated from both the intra- and
cross-sublattice contributions as

js,Tolal = js,Inlra + js,Cross- an

The computed spin currents are shown for intra-, cross-, and
total sublattice terms at the inertial relaxation time n = 100 fs
in Fig. 4. Without the application of a static magnetic field,
the two AFM precession resonance modes have exactly the
same frequency, however, opposite in sign. Therefore,
the spin currents appear at the resonance frequencies. Due
to the nutation resonance, additional spin current contribu-
tions can be observed at the higher THz nutation frequencies.
Following the results of FM case, the sign of nutation spin cur-
rents will be opposite to the corresponding spin current at the
precession resonance mode for intra-sublattice contributions.

As observed, the magnitude of spin currents at the nutation
resonances is small compared with the spin currents at the
precession resonance at the lower 5, e.g., 1 fs. However, it
increases rapidly for higher n and surpasses the spin currents
at the precession resonance already at  ~ 10 fs. Such obser-
vation in AFMs is in contrast to the FM, where the nutation
spin current is smaller even at n = 1 ps. Note that the AFM
precession resonance is suppressed and thus the spin current
at the precession resonance is smaller compared with that of
the FM resonance.

For intra-sublattice contributions, the nutation spin current
has opposite sign to the precession spin current, consistent
with our findings for FMs [see Fig. 4(a)]. However, for
the cross-sublattice contributions, the precession spin current
changes sign, while the nutation spin current does not change
sign compared with the intra-sublattice contributions [see
Fig. 4(b)]. This is due to the fact that the two sublattices in
the AFM precession mode remain almost antiparallel to each
other. On the other hand, for the nutation modes in AFM,
the two sublattices do not align antiparallel to each other and

. 0.4 | ~ :
. 0.751 0= | — i — 104 =0
T n=10"%s | b i [ — p=10"s |
2 0.501 : T 0.24 : To0s :
I ! = ! — 0.5 !
£ 0.254 | = | = |
£ L T 0.0 : 00 ;
T 0.0 — S : 3 ;
x —0.251 | x ; X 05 |
| 2 0.2 i ! i
£ —0.501 i S | Z :
< i = i = —1.01 i
—0.751 i 044 i i

3 2 1 0 1 2 3 3 2 1 0 1 2 3 3 2 1 0 1 2 3

w/27 (THz) w/27 (THz) w/27 (THz)

FIG. 4. The spin current contributions for (a) intra-sublattice terms: M 4(¢) X M (1) + Mp(t) x Mp(t), (b) cross-sublattice terms: M 4(r) X
Mp(t) +Mp(r) x M4(1), and (c) total with both intra- and cross-sublattice terms calculated without and with the inertial relaxation time i.e.,
n = 0and n = 10~"3 5. The used parameters are: Mg = Mgy = My = 2up, ya =y =y = 1.76 x 10" T~.s71 i = 1.05 x 10~ * m?-kg-s7!,
gi‘t = 10_|9 m_z,Ho = OT, hA = hB = 10_3 T, KA = KB =K = 10_23 J,J = 10_21 J, 0p =0 =0 = 005, and Na=ng=1n.
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FIG. 5. The ratio of spin current for AFMs at the nutation
resonance to the precession resonance vs inertial relaxation time.
The used parameters are: My = Mpy = My = 2up, Yo =Y =
y=176 x 10" T's, Hy=0T, Ky =Kz =K =102 ], J =
1072 Jap =g =a =0.05,and g4 = 3 = 1.

hence the nutation spin current does not change sign for intra-
and cross-sublattice contribution. Due to such properties, the
total spin currents at the precession resonance almost cancel
with each other; however, the total nutation spin currents add
up [see Fig. 4(c)], assuming equal intra- and cross-sublattice
spin mixing conductances. Therefore, the total spin currents
are enhanced at the nutation resonances, while those are sup-
pressed at the precession resonances.

To understand such enhancement of spin currents, we com-
pute the ratio of spin currents at the nutation resonance to the
precession resonance in Fig. 5. By doing so, the results are
independent of several parameters used in obtaining Fig. 4.
For example, the ratio of spin currents is independent of spin
mixing conductance gl¥, small field &, etc. Compared with
the FM spin current in Fig. 1, such ratio already crosses unity
within n = 10 fs for AFM. As explained earlier, due to the
cancellation of the spin current at the precession resonance,
the ratio for total contribution increases rapidly. In fact, the
total spin current at the nutation resonance is already higher
even below n = 1 fs.

IV. CONCLUSIONS

To conclude, we present a theoretical investigation of spin
pumping with the magnetic inertial dynamics for one and two
sublattice systems. The magnetic inertial dynamics addition-
ally introduces a spin pumping current at the THz nutation
resonance frequencies. However, due to the opposite sense of
rotation in precession and nutation modes, the spin pumping
current has an opposite sign at the nutation resonance com-
pared with the one at precession resonance. Such scenario
remains the same for intra-sublattice spin current in AFM,
while the cross-sublattice spin current only changes sign at
the precession resonance. Thus the spin current ratio is neg-
ative and positive for AFM intra- and cross-sublattice terms,
respectively. While the two sublattices remain almost antipar-
allel in AFM at the precessional resonance, the antiparallel
alignment is broken at the nutational resonance resulting in a
large cone angle in one of the sublattices. Our obtained results

should motivate the experimental search of magnetic inertial
dynamics in magnets via detection of spin pumping currents.
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APPENDIX: THE CHARACTERISTICS OF NUTATION
RESONANCE IN FM

Here we investigate the characteristics of precession and
nutation resonance modes in FM. Following Ref. [48], we
write the equation for inverse susceptibility as in Eq. (B6) of
Ref. [48],

Qo + 9 + ” 9
LA _9
(ZX) — L 0 85 "312 aat 5
y yMy
- Q - -
ot oty tiga

(AD)
We replace m, = my o €' such that % — iw and ;—; —
—w?. Therefore, Eq. (A1) can be recast as

Y 1 (Q+icw — nw? —iw my
hy) ~ yM, iw Qo + iaw — ne? J\my )’

(A2)

Now we employ 4, = hy = 0 and o = 0 in order to examine
the nature of the eigenmodes, finding a relation between m,
and m,. We obtain two following equations:

(R0 — no*)m, — iom, =0 (A3)

iom, + (R — nw’)m, = 0. (A4)

The Egs. (A3) and (A4) can be written in concise forms as
iw
=—m,

Q() — T]a)2 )

iw
- m,.
Qy — nw?

(AS5)

my

(A6)

my=

The precession and nutation resonance frequencies that were
obtained previously in Ref. [48] are:

VT ¥ -1
2n

V1 +H4nQy + 1 1
+w—5—90<1—n90>. (A8)

~Q -1 (A7)

WEMR =
WEMNR = —

We replace the leading order precession resonance term i.e.
wpMR ~ Qo in Egs. (AS) and (A6). Therefore, at the preces-
sion resonance we find the relation between m, and m, as
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Precession mode Nutation mode

FIG. 6. The precession and nutation mode in FM. Notice that the
precession and nutation modes have opposite sense of rotation.

follows

iQ

my = —my = im, (A9)
R
Q

my= -2 = _im,. (A10)
J QO

However, the obtained m, and m, are complex quantities.
In order to obtain the real and time-dependent parts at the
precession resonance, we compute:

my = Re[m,e] = Re[m, '] = mycos Qot  (All)

m, = Re[m,e™'] = Re[—ime™™] = m,sin Qpt.  (A12)

At the nutation resonance, however, we replace the leading-
order frequency term, i.e., wpmnr ~ —1/7 and find

. _1 :
= LU L —imy (ADD)
Qo —1/n n€p — 1
. _1 .
_ =) my = —im,.  (Al4)

T T
o—1/n n€2 — 1

We again calculate the real and time-dependent parts at the
nutation resonance as

A
@ — Re| mee (A15)

t
m, = Re[m,e = m, COS —
n

t

. t
my = Re[mye'”] = Re| —imye 1 | = —m,sin ; (A16)

Such characteristics of precession and nutation resonance
have been shown in Fig. 6.
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