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Terahertz Spin-Current Pulses from an Off-Resonant Antiferromagnet
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The generation of terahertz (THz) spin current is highly desired for enhancing the speed and efficiency
of information manipulation by ultrafast spintronics. We develop an analytical model to investigate the
coherent and pure spin-current pulses generated by spin pumping in a canted insulating antiferromagnet
(AFM) system with Dzyaloshinskii-Moriya interaction (DMI). As expected, the spin pumping signal is
significant at resonance. However, we also predict efficient THz spin-current transient with a magnitude
comparable with that of its resonant counterparts in the much higher off-resonance THz frequency regime.
Its ultrafast temporal change compensates for the suppression of the dynamic magnetization amplitudes at
off-resonance. In addition, a stronger DMI field enhances the amplitude of the spin-current transient. Our
results represent an efficient approach to generate coherent THz spin-current pulses based on canted AFM
heterostructures without requiring a static magnetic field.
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I. INTRODUCTION

The generation, manipulation, and detection of spin
current are core elements of spintronics [1—6] and pro-
vide an alternative for processing and storing information
in addition to conventional electronics. Furthermore, an
ultrafast spin-current response can further enhance the
efficiency and speed of information computation [7-9].
Therefore, one possible avenue is to combine ultrafast
optics with spintronics, e.g., terahertz (THz) emitters based
on magnetic-nonmagnetic metallic heterostructures driven
by laser pulses [10—13]. However, optical lasers induce
incoherent thermal effects in metals by heating the elec-
trons and pose additional challenges in lowering the power
consumption. Thus, for ultrafast spintronics, the excita-
tion of coherent spin current from magnetic insulators
may offer an alternative route to reduce the thermal effects
further.

In spin pumping [14—16], the magnetization dynamics
in a magnetic material injects a coherent and pure spin
current into the adjacent layers. The magnetic material
can be a magnetic insulator (e.g., YIG) that can func-
tion as an efficient spin-current source, as extensively
demonstrated [15,17,18]. In conventional ferromagnetic
(FM)-nonmagnetic (NM) heterostructures, the magneti-
zation precession is driven at ferromagnetic resonance,
typically a frequency of a few gigahertz. In contrast,
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antiferromagnetic (AFM) materials possess much higher
resonance frequencies due to the extremely large exchange
coupling between the spins in the sublattices, and therefore
constitute promising candidates for ultrafast spintronics.
Recently, spin-current generation via spin pumping has
been demonstrated in uniaxial or collinear AFMs like
Cr;,03 [19] and MnF, [20] at antiferromagnetic resonance
(AFMR) frequency approaching the sub-THz regime (with
large external magnetic fields of several tesla). Meanwhile,
spin pumping has also been studied in canted AFMs (i.e.,
Fe,03) with Dzyaloshinskii-Moriya interaction (DMI),
where the inverse spin Hall voltages are detected at the
low-frequency mode of the AFMR (at tens of gigahertz)
[21,22]. The noncollinear configuration of canted AFMs
yields a net magnetic moment, which makes it possi-
ble to combine the advantages of FM- and AFM-based
spintronics.

In this work, we compute how THz magnetic field
pulses cause fransient spin currents from insulating easy-
plane AFMs (e.g., Fe,03) into adjacent NMs. The DMI
causes a slight canting of the magnetic moments of the two
AFM sublattices. As expected, the magnetization dynam-
ics is enhanced when the magnetic material is excited
at its resonant frequencies. Surprisingly, we also find
the efficient generation of coherent spin-current pulses
in the higher off-resonance THz regime. In this regime,
there are spin-current amplitudes comparable with those
of resonant counterparts in spite of the decreased dynamic
magnetization amplitudes. In addition, we show that a
strong DMI field enhances the spin pumping efficiency.

© 2022 American Physical Society
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FIG. 1. The AFM/NM structure in this work. The DMI causes
the two sublattice magnetizations m; and m; to be canted toward
the x axis at an angle  with respect to X in the ground state.

II. THEORY AND MODEL

Figure 1 shows the AFM/NM structure in this work.
A linearly polarized THz pulse excites the spin precession.
We start by computing induced magnetization dynamics.
In a macrospin approximation with two sublattices (i =
1,2), the free energy of the canted AFM system is given
by

Hy A2 )
F = poM; {HE(ml -my) + 7[(“11 -2)" + (my - 2)7]

Ha AN2 AN2 A
- 7[(m1 -y)" + (my-y)° ]+ Hpz - (m; x mz)},
(D

where (¢ is the vacuum permeability, m; denotes the sub-
lattice magnetization unit vector, and M is the saturation
magnetization. Here, four field coefficients are included
corresponding to the intersublattice exchange Hg, the hard-
axis or easy-plane anisotropy H, the easy-axis anisotropy
H,, and the DMI field Hp. Note that we consider the zero-
field mode, i.e., there is no external static magnetic field.
Accordingly, the effective fields acting on each sublattice
can be obtained from Heg; = —(1/noM;)(3F /om;) as

Hep = —Hpmy — Hy(m, - 2)2
+ H,(m, - y)y + HpZ x my,
Hepr = —Hpm; — Hy(m; - 2)Z

+ Hy(my - y)y — Hpz x m,. 2

In the absence of DMI, the two sublattice magnetizations
align along the y axis and are antiparallel. The DMI causes
m; and m; to be canted toward the x axis at an angle 6
with respect to X in the ground state (see Fig. 1). Here
weak canting is considered, i.e., Hp < Hg, and therefore
0~ m/2.

Based on above effective fields, the magnetization
dynamics is coupled by two Landau-Lifshitz-Gilbert
(LLG) equations, i.e.,

dm[ ,
ar = —poy [m; X Hior; + om; X (m; X Hior )], (3)
where Hior; = Hegr; + h(f) and h() is the excitation mag-
netic field pulse. Note y' =y /(1 + o?) with the gyro-
magnetic ratio y and the damping constant «. Introducing
{X;, ¥, Z;} as the local coordinate system for sublattice i (see
Fig. 1), we express m; = X; + ém; with ém; = m,,;y; +
my;Z; since the small-angle precession around the equi-
librium magnetization direction X; is of our interest. By
solving the static LLG equations, the equilibrium cant-
ing angle is obtained as cosf ~ (Hp/2Hpg). The linearized
LLG equation reads

%Sm = MSm +F(p), (4)

where the vector of the dynamic magnetization compo-
nents is given by ém = (my,1, m;1, m,;, m>)T. The matrices
in Eq. (4) are

aHy Hyr, —aHps Hg
—H, aH, H, aH,
M= — / 0,1 0,2 0,3 E ,
Hovy —aHy3  Hg aHy)  Hpp
Hp 3 aHg —Hp) oaHy,
(5)
. . . . T
. ,(—asing  sinf  asind —asind
k() = oy <acos€ —cosf  «acos®  —cost h(®),
(6)

where the compact field terms Hp; = Hpsin26 —
(Hg + H,;)cos260, Hyp = Hpsin20 + Hy + (1/2)H,(1 —
cos20) — Hpcos20, and Hys = Hpsin20 — Hg cos 26
are introduced. In Eq. (6), we consider the excitation
dynamic magnetic field h(f) = h exp[—([(t — t))*]/20?)
+ i(Q2t 4 ¢y)], the product of a Gaussian pulse with a
width ¢ and temporal shift 7y and a harmonic carrier with a
frequency Q and phase ¢,. Here we apply h = (hy, hy)7,
i.e., the field is linearly polarized in the x-y plane (see
Fig. 1). Assuming the exchange field is much larger than
the other interactions, the low and high AFMR frequencies
are

w; = poy'v/2HgH,, (7

wn = Hoy'\/HB + 2Hy(Hy + H,). ®)

The AFMR frequencies are in the range of tens of giga-
hertz based on available experimental parameters for
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Fe;03 [21,23-25]. The corresponding complex eigenfre-
quencies are

- | Aw\? iAw
wyggy =+ “’12<h>_<7) t— )

where Aw = 2au0y’Hg is the resonance linewidth due
to the Gilbert damping. In the following, we use the
notation w; (j = 1,2,3,4) to represent the four eigenval-
ues (i.e., 0, 0, @, and w,) for simplicity. The factor
C; = (m,1/m:1) is defined to describe the eigenvector cor-
responding to w;, where we find C; = ipoy 'Hg/w)),
Cy = Qipgy'Hg/w2), C3 = (iws/2umoy'Hg), and Cy4 =
(iwsq /210y Hg). Consequently, the fundamental matrix of
the inhomogenous equation [i.e., Eq. (4)] constructed by
the eigenpairs is expressed as

C elott Czetht —C3 et _ C4ezw4t
ei(ult eiwzt _eiw3t _eiw4t
W) = A A - A
( ) C’1 ela)lt Czelwzt C3 elw3t C4ela)4t
eiwl t eiwzl‘ eia)3t eiw4t
(10)

Therefore, the final analytical solution of the transient
dynamic magnetization m is given by

t
sm = W(7) / WY F(E)df
0

= woy'o /)2 W(HE()Sh (11)
with
0 0 (Ca+a)sing  —(Cyta)sind\ T
S = C3—Cy C3—Cy
(Cy+a)cosh —(C14a)cost 0 0 .
C1—Cy C1—C
(12)

The diagonal matrix E(?) is explicitly given by
E(t) = diag(AE|, AE;, AE5, AEy), (13)

where AE; = E(w;,t) — E(w;,0) with

2
E(w;,t) = exp [—%(a)j — SZ)2 —ity(wj — Q) + i¢h]

[r— to +io?(w; — Q)}
x erf .
\/Ea

The expression (14) involves the error function, in a similar
way as derived for the dynamic magnetization transient in
FM systems [26,27].

It has been proposed that spin pumping from the two
sublattices of AFM constructively adds up rather than can-
cels [28]. Knowing the solution of 6m in Eq. (9), the spin

(14)

pumping current injected into the NM layer in response to
the field pulse can be obtained from

hg, dm;
I, = m; x —,
P4 i; ' dt

(15)

where g, is the spin-mixing conductance at the AFM/NM
interface. Inserting m; = X; + ém; with ém; = m,y; +
m.z;, ISp can be decomposed into two components as ISp =
I, + I with

hg, .
Iép = 47; Z Xi x

dém;  hg, dms; . dmy;
di~ 4m Z<_ a it Zi)

=12 =12

hgr dmzl dmzZ . N dmyl dva N
~ — 0 —
4 K i a )" a e )”
(16)

and
hg, dém;

=% "m x —

P 4x 5—21:2 i d

P

(17)

where Iép and I‘S’Il) depend linearly and nonlinearly, respec-
tively, on the time derivative of the dynamic mag-
netization. The linear (nonlinear) spin-current compo-
nent polarized along y (X), which is proportional to
cost (=Hp/2HE), can be neglected in the limit of strong
exchange. Therefore, Iép is composed of the in-plane and
out-of-plane components polarized along X and Z, i.e., Isl]’;‘
and Islif , respectively. On the other hand, 1211) is purely in-
plane with polarization along y, which is the direction of
the sublattice equilibrium magnetizations. In Egs. (16) and
(17), the time derivative of the dynamic magnetization can
be obtained from
dE(1)

dfi_;n = oy o/ /2W (1) [in(t) + 7:| Sh (18)

with

19)

w = diag(wi, w2, w3, ws),

dE(w;, 1) 1 /2
— = = — [ —ex
dt oV P

— i(w; — )t + i¢h] . (20)
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FIG. 2. Coherent spin-pumping current pulse generation excited in different ways. (a)-c) The excitation magnetic field pulses with
the two resulting spin current components Iép (d)—~(f) and II;]‘J (g)—(1) for three typical excitation frequencies, i.e., (i) 2 = wy, (i) Q2 = wy,

and (iii) 2 = 27 x 1 THz. The red and blue lines represent the in-plane and out-of-plane polarized components of Iép, ie., ISZI;‘ and Isllf ,

respectively. The inset in (d) gives the corresponding enlarged diagrams of the in-plane polarized ]S’l;‘ in the main panel. In all panels,
the excitation field parameters of 1o/, = poh, = 0.1 mT and ¢, = 0 are assumed. Other parameters are o = 40 ps and 7y = 400 ps

for case (i), 0 = 10 ps and #y) = 40 ps for case (ii), and ¢ = 1 ps and #y = 4 ps for case (iii).

III. NUMERICAL RESULTS AND DISCUSSION

The transient spin-pumping currents under three typ-
ical conditions with respect to the excitation carrier
frequency are plotted in Fig. 2, ie., (i) Q= w;, (i)
Q = wy, and (iii) Q =1 THz. Here we assume mate-
rial parameters corresponding to canted Fe,O5 [21-25],
ie., woHy = 1000 T, uoHy =2 x 107 T, uogH, = 6 x
107> T, woHp =2.6 T, and o = 4.6 x 107#, yielding the
two AFMR frequencies at w; ~ 27 x 9.7 GHz and wy, ~
2w x 85.1 GHz. The excitation field pulses are shown
with the two resulting spin-current components Iép and I?é
for the three typical excitation frequencies, in the pres-
ence of the excitation field components woh, = woh, =
0.1 mT. It can be seen that the spin-pumping current starts
oscillating after the onset of the excitation field pulse and
then damps out over the time scale of the magnetic damp-
ing. The excitation pulse width o of the excitation field
changes the envelope width of the resulting spin-current

transient without affecting its amplitude or maximum (see
Appendix A).

When the low AFMR mode is excited at Q = w;, the
out-of-plane linear spin current Isll’f [blue line in Fig. 2(d)]

dominates while the in-plane linear component IS’]’J" has a
much smaller amplitude [red line in Fig. 2(d)]. As for the
nonlinear 1211) shown in Fig. 2(g), it possesses a negligible
magnitude (i.e., 6 orders of magnitude smaller than the lin-
ear counterpart) but an even higher oscillation frequency
compared with the excitation field. On the other hand, at
the high AFMR frequency 2 = wj, the in-plane Islg‘ [red
line in Fig. 2(e)] is greatly enhanced and dominates over
the out-of-plane counterpart Islif [blue line in Fig. 2(e)].
This interchange of the relative amplitudes of the in-plane
and out-of-plane components can be understood by recall-
ing the previously defined factor C; = (m,(/m;1). At Q2 =
w; with the largely pronounced low AFMR mode, we
have |my/m.i| = [2inoy'Hg/w)| > 1, since oy Hg ~
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FIG. 3. The dominant in-plane linear spin-pumping current pulses Isli)x generated at THz frequencies (i.e., 2 = 27 x 1 THz) with
different DMI fields (a) and different damping parameters (b). Other parameters are the same as in Fig. 2.

28 THz, i.e., the in-plane polarized magnetization compo-
nent m,; dominates. Considering dm,(.1)/dt o< iwymy 1)
under the pure harmonic excitation for simplicity, we
obtain dmy2)/dt > dm; (2)/dt and therefore the corre-
sponding linear spin current polarized along the out-of-
plane direction (i.e., Islff) would dominate [see Eq. (16)].
In the same way, the enhanced Islff at Q = wy, can be
explained by noting that |m, /m.i| = |iwy /2oy He| < 1.
Such interchange of the relative amplitude of the in-plane
and out-of-plane magnetization oscillation components
between resonance and higher off-resonance frequencies
has also been shown theoretically [29] and experimen-
tally [30,31] in FM systems. Conversely, this amplitude
exchange in AFM could be utilized to probe which AFMR
mode dominates when both modes are excited at the
same time, e.g., under excitation with h = (4., hy)T in our
treatment.

Next, we turn to the investigation of the spin-pumping
current in response to the excitation field at the much
higher off-resonance THz regime. A coherent magnetiza-
tion dynamics with a small amplitude has been detected
in response to THz stimulus by time-resolved magneto-
optical Kerr effect (MOKE) in FMs [31]. We also observe
the generation of a coherent spin-pumping current tran-
sient at 2 = 27 x 1 THz for the canted AFM, as shown
in Figs. 2(f) and 2(i). Although the magnitude of the
dynamic magnetization (i.e., §m) becomes very small in
the off-resonance regime, the amplitude of the linear Iép
in Fig. 2(f) remains comparable with its resonant counter-
parts in Figs. 2(d) and 2(e). This is caused by the ultrafast
temporal magnetization dynamics represented by the time
derivative of dm that enters Eq. (16). In contrast, the
nonlinear I‘S‘é in Eq. (17) contains both the dynamic magne-
tization §m and its time derivative, a competition between
the enhanced temporal change of magnetization and the
decreased magnetization amplitude in the THz regime.
Figure 2(i) shows that the nonlinear Iglg is 2 orders of mag-
nitude smaller as compared with the resonance case. Note

that the nonlinear components are much smaller than the
linear components at both the resonant and THz regimes.
In FMs, the in-plane Iép under THz excitation is theo-
retically shown to be 2 orders of magnitude smaller than
that of the resonant linear counterpart but comparable to
the much smaller nonlinear I;‘Il) at resonance [29]. In con-
trast, AFM may provide a more efficient platform for
THz spin-current pulse generation with comparable mag-
nitude to that of the corresponding large linear resonant
counterparts. Furthermore, the transient spin current can
be excited at the higher off-resonance up to tens of THz
with a sizable amplitude, which can be maintained at even
higher frequencies beyond the THz regime. However, in
the lower off-resonance regime (i.e., below the low AFMR
frequency), the amplitude drops sharply and approaches
zero. (See Appendix B for more details on the numerical
results regarding these excitation frequencies.)

Now we focus on the in-plane linear spin current (i.e.,

Isll’f), which dominates under the THz stimulus. Figure 3(a)

shows the DMI dependence of I¥. The spin current
increases with a stronger DMI field Hp, consistent with
the trend of the experimentally measured spin pumping
signal based on the canted Fe,O3 heterostructure at the
low AMFR mode under harmonic excitation [22]. Note
that the DMI-induced enhancement at the off-resonance
THz regime is lower than that of its resonant counterpart
[21,22]. On the other hand, the sizable transient spin cur-
rent at higher off-resonance can be also achieved in the
absence of DMI, e.g., in a uniaxial or biaxial AFM. How-
ever, the presence of DMI would further enhance the
signal amplitude. Our comprehensive model with DMI
can be directly applied to collinear AFM systems with-
out DMI by setting Hp = 0. In Fig. 3(b), we find that
Isl]’j‘ has a negligible dependence on the damping con-
stant « in the THz regime. However, the spin-pumping
signal strongly depends on « at resonance (not shown
here), as pointed out in our previous work [32]. This sug-
gests that in evaluating the relative efficiency in generating
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FIG. 4. The dominant in-plane linear spin-pumping current
pulses Isll’;‘ generated at Q = 27 x 1 THz with different pulse
widths. Other parameters are wohy = poh, = 0.1 mT, ¢, =0,
and tp) = 15 ns.

the coherent THz spin-pumping transient compared with
its resonant counterparts, one has to factor in the damp-
ing parameter of the material for a valid comparison.
In this work, we utilize the plausible parameter values
(e.g.,a = 4.6 x 10~*) adapted from available experiments
[21-25]. In addition, for uncompensated AFM/NM inter-
faces, the cross-sublattice damping and mixing conduc-
tance [33,34] can give rise to additional contributions to
the spin-pumping transients, which are excluded in this
work with compensated interface.

IV. CONCLUSION

In summary, we have developed an analytical model
to calculate the spin pumping current transient excited
by a THz pulse in canted AFM heterostructures. Surpris-
ingly, we find strong coherent and pure spin-current tran-
sients generated at the higher off-resonance THz regime
with comparable magnitude to the spin-pumping signal at
resonance. This result is because the much smaller

3,
il (a) — 1THz

1 /\ /\ 2 THz
0 N MNe.

o /9r (10° 1/s)

Lx
Isy
I\

RV
ik

/
V
t (ps)

6 8

dynamic magnetization magnitude at off-resonance fre-
quencies is compensated by the ultrafast change of the
magnetic moments excited by the THz stimulus. Further-
more, we show that the DMI field enhances the magni-
tude of the spin-current transient. Our results suggest an
efficient approach to generate coherent THz spin-current
pulses based on canted AFM heterostructures without
using a static magnetic field.
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APPENDIX A: PULSE WIDTH DEPENDENCE

In this work, we consider a Gaussian pulse with dif-
ferent excitation frequencies, especially within the THz
regime. Meanwhile, it is necessary to study the pulse width
dependence with the frequency fixed. In Fig. 4, we plot the
dominant in-plane linear spin-pumping current pulses Islg‘
generated at 2 = 27 x 1 THz with different pulse widths.
As expected, the pulse width o of the excitation field
changes the envelope width of the resulting spin-current
transient without affecting its amplitude (maximum).

APPENDIX B: EXCITATION FREQUENCY
RANGE

Based on the material parameters corresponding to
canted Fe;O3, we obtain the two AFMR frequencies at

(b) — 5THz
T~ 2r |
2 [ 10 THz
2 |
© 1r ‘
O / \ | N
: VY
~ -1r
Ra [
E |
0 2 : 6 8

4
t (107 ps)

FIG. 5. The dominant in-plane linear spin-pumping current pulses lsl}’j‘ generated by different excitation frequencies within the
higher off-resonance regime. The excitation field parameters of (oh, = poh, = 0.1 mT and ¢, = 0 are assumed. Other parameters are

o=1psandt =4 ps(a)and o = 0.1 psand #ty = 0.4 ps (b).
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FIG. 6. (a) The dominant out-of-plane linear spin-pumping current pulses Isllf generated by different excitation frequencies within
the lower off-resonance regime. The excitation field parameters of wohy = poh, = 0.1 mT, ¢, =0, 0 = 1 ns, and fH =4 ns are

assumed. (b) Enlarged diagram of Islg excited at 3 GHz in (a).

w; ~ 21w x 9.7 GHz and wj, ~ 27 x 85.1 GHz. Here we
investigate the spin-current transients under wider off-
resonance frequency regime.

As described in the main text, the in-plane linear spin-
current component Isl]’j‘ is greatly enhanced and dominates

over the out-of-plane counterpart I/7 at the high AFMR

frequency wjy (see Fig. 2). Therefore, we plot Isl]’j‘ at the
higher off-resonance frequencies, as shown in Fig. 5. It
can be seen that the spin-current signal maintains its large
amplitude as the excitation frequency is further increased
from 1 THz to much higher off-resonance frequencies up
to 10 THz.

On the other hand, Isll’oz

AFMR frequency w;. Therefore, we plot Isllf at the lower
off-resonance frequencies in Fig. 6. Compared with the
signal at the low AFMR resonance w; ~ 27 x 9.7 GHz
[blue line in Fig. 2(d)], the spin current maintains a siz-
able amplitude when the excitation frequency is decreased
to 5 GHz [blue line in Fig. 6(a)]. However, it drops sharply
within the GHz region, i.e., it becomes 6 orders of mag-
nitude smaller when the frequency is decreased to 3 GHz
(orange line in Fig. 6).

dominates over Islg‘ at the low
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