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Introduction—The femtosecond (fs) laser pulse

Charge and spin current pumping by ultrafast demagnetization dynamics
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The surprising discovery of ultrafast demagnetization—where electric field of femtosecond laser
pulse couples to electrons of a ferromagnetic (FM) layer causing its magnetization vector to shrink
while not rotating, M.(t)/M.(t = 0) < 1—is also assumed to be accompanied by generation of
spin current in the direction orthogonal to electric field. However, understanding of the microscopic
origin of such spin current, its frequency spectrum and how efficiently it can be converted into
charge current, as the putative source of THz radiation, is lacking despite nearly three decades of
intense studies. Conversely, quantum transport theory rigorously explains [Y. Tserkovnyak et al.,
Rev. Mod. Phys. 77, 1375 (2005)] how microwave driven precession of magnetization vector of
fized length M(t) leads to pumping of spin current o< M x dM/dt into adjacent normal metal (NM)
layers sandwiching FM layer to form two-terminal geometry without any applied bias voltage. Here
we connect these two apparently disparate phenomena by replacing periodic time-dependence of
magnetization precession with nonperiodic time-dependence of demagnetization, as obtained from
experiments on ultrafast-light-driven Ni layer, within the same two-terminal setup of standard spin
pumping theory. Applying time-dependent nonequilibrium Green’s functions, able to evolve such
setup with arbitrary time dependence, reveals how demagnetization dynamics pumps both charge
and spin currents in directions both parallel and orthogonal to electric field of laser pulse, even
in the absence of spin-orbit coupling and thereby induced spin-to-charge conversion mechanisms.
Although pumped currents follow dM. /dt in some setups, this becomes obscured when NM layers are
disconnected and pumped currents start to reflect from FM boundaries (as is the case of experimental
setups). Finally, we use the Jefimenko equations to compute electromagnetic radiation by charge
current pumped in disconnected setup during demagnetization, or later during its slow recovery,
unraveling that radiated electric field only in the former time interval exhibits features in 0.1-30 THz
frequency range probed experimentally or explored for applications of spintronic THz emitters.

marily through first-principles studies based on time-

(fsLP)-driven magnetic layer [1] is a far from equilib-
rium [2, 3] quantum many-body system with very differ-
ent properties [4] when compared to the same material in
equilibrium. It exhibits complex angular momentum ex-
change between photons, electrons and ionic cores [5, 6],
rapidly emerging over ~ 10 fs time segments [7, 8]. They
conspire to produce ultrafast demagnetization as exper-
imentally observable phenomenon [1, 7, 8], where mag-
netization vector is decreasing its length along the easy
(chosen as the z-) axis while not rotating

M. (t)
M.t =0) < 15 Mg(t) = My(t) = 0. (1)
That is, its z- and y-components remain zero or negligi-
ble [6, 9], as illustrated by experimental data [7] in Fig. 1
for single Ni ferromagnetic (FM) layer. Here M, (t = 0)
is the magnitude of magnetization in equilibrium, i.e.,
prior to fsLP application. Even a single FM layer exhibit-
ing ultrafast demagnetization emits THz electromagnetic
(EM) radiation [10], but such radiation in 0.1-30 THz
frequency range relevant for applications [11] becomes
greatly enhanced [12-14] when FM layer is brought into
a contact with nonmagnetic (NM) layer hosting strong
spin-orbit coupling (SOC) in the bulk or at the inter-
face [15-17]. Experiments also observe [18] much faster
demagnetization rate in FM/NM bilayers.

Although insights into microscopic mechanisms caus-
ing demagnetization have been greatly developed, pri-

dependent density functional theory (TDDFT) [5, 6] and
its extensions [19], the origin of THz radiation remains
a puzzle. For example, such radiation from a single FM
layer has been explained as being magnetic dipole radia-
tion by time-dependent magnetization [10], but recent
detailed TDDFT+Maxwell calculations [9] show that
such source is many orders of magnitude weaker than
time-dependent charges (as it could be expected due to
magnetic effects being, in general, 1/c¢ smaller than elec-
tric ones). In the case of FM/NM bilayers, experiments
standardly postulate [12-14, 20] the presence of spin cur-
rent flowing from FM to NM layer, which is then con-
verted into charge current within NM layer by the inverse
spin Hall effect (ISHE) [21], or at FM/NM interface by
other SOC driven mechanisms [15-17]. Such charge cur-
rent within NM layer flows parallel to FM/NM interface,
as well as parallel to the initial motion of electrons within
FM layer which follows the direction of the electric field
of (typically linearly polarized) of fsSLP.

Thus, the critical problems persist: Why FM or
FM/NM systems emit EM radiation of frequency so much
smaller than that of incoming light? What is the role of
demagnetization in it? For example, the incoming light
initially drives valence [6] electrons to respond at its own
frequency (typically, fs pulse has a central wavelength
of ~ 800 nm), which is expected to lead only to high
harmonics (at integer multiples of frequency of incoming
light) of emitted radiation as frequently observed in the



oW recovery

S
Lol M = M, =0
\

=) ‘
0.9} |
= \
< \
= \

0.8F | ]

0.7 1000 2000 3000 4000

Time (fs)

FIG. 1. Example of demagnetization dynamics [Eq. (1)] in
ultrafast-light-driven single layer of Ni, as extracted by probe
light of time- and angle-resolved photoelectron spectroscopy
correlated with time-resolved transverse magneto-optical Kerr
effect in Ref. [7] (reproduced from Fig. 1A in it). The pump
light in Ref. [7] exciting demagnetization dynamics is fsLP of
duration ~ 28 fs and central wavelength 780 nm.

case of nonmagnetic materials [22] (high harmonics are
also present [2] in the case of light-driven magnetic ma-
terials, but rarely explored experimentally). The usually
invoked phenomenological picture of spin voltage (or ac-
cumulation) [14, 23], as a difference between nonequilib-
rium chemical potentials of the two spin species, which
drives spin current from FM to NM layer does not ex-
plain its frequency spectrum containing features in the
THz range or the role played by magnetization vary-
ing according to Eq. (1). For example, the very recent
TDDFT study [9] shows that when electrons respond to
light pulse, while magnetization is artificially frozen in
time, no spin current flows from FM to NM layer even
though spin voltage remains nonzero in such situation.
Thus, time-dependent magnetization [Eq. (1)] as the
necessary ingredient to obtain spin current from FM to
NM layer points at it being an additional mechanism
driving quantum subsystem of electrons out of equilib-
rium, thereby generating charge currents. We recall that
mechanisms of quantum charge and spin pumping [32]
by time-dependent fields, and in the absence of any DC
bias voltage (hence term “pumping”), have been am-
ply explored in nanostructures driven by time-dependent
gate voltages [33, 34], as well as in magnetic heterostruc-
tures [24, 25, 35] driven by microwave (or sub-THz in
the case of antiferromagentic layers [36, 37]) radiation to
cause their magnetization into steady precession. In all
of these cases, the driving field has periodic time depen-
dence and its frequency is sufficiently small to perturb
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FIG. 2. Schematic view of a two-terminal setup—FM central
region [modeled by 1D TB chain in Eq. (2)] connected to semi-
infinite B and T' NM leads—which is standardly employed in
theoretical studies of spin [24, 25] and charge [26, 27] pumping
by microwave-driven magnetization precessing with periodic
time dependence. Instead of precessing magnetization, we use
LMMs which only change length while not rotating [Eq. (1)],
where such nonperiodic time-dependence of demagnetization
is taken from experimental data in Fig. 1. The setup can
also be viewed as 1D chain of atoms isolated from realistic [7]
ultrafast-light-driven Ni layer. Time-dependent mj(t) leads
to pumping of both charge and spin currents [Fig. 3], which
we compute via TDNEGF algorithms [28-31] that can handle
arbitrary time-dependence within the central region.

the system only slightly out of equilibrium. For exam-
ple, the energy of microwave photons hw ~ 1076 eV is
much smaller than the Fermi energy, fiw < Eg, so that
FM layer with precessing magnetization, acting as peri-
odic time-dependent field that pumps spin current, is in
the linear-response regime [38]. These problems offer a
blueprint of accomplished fully microscopic understand-
ing, where one starts from time-dependent Hamiltonian
(including possible first-principles ones [37, 39]) and ob-
tains pumped spin and/or charge currents from rigorous
quantum transport theory [26, 27, 34, 40].

The ultrafast-light-driven FM systems appear at first
sight quite different from standard spin pumping [24, 25,
35] by precessing magnetization of fixed length—they
are far from equilibrium (i.e., with dramatically modi-
fied electronic spectrum [2, 3]) and having nonprecessing
[Eq. (1)], nonperiodic [Fig. 1] and shrinking in length
magnetization. Nonetheless, in this Letter we directly
connect these two disparate phenomena. For this pur-
pose, we use the same setup employed in standard spin
pumping theory [24-27, 37, 39] where FM central re-
gion is sandwiched between two semi-infinite NM leads
[Fig. 2]. But we replace precessing localized magnetic
moments (LMMs) m;(t) at sites i of FM central region
(where, e.g., m? is constant and m¥(¢t) and m?(¢) change
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FIG. 3. Charge I, and spin I5* currents along the z-axis pumped by demagnetization dynamics [Fig. 1] of fsLP-driven single Ni
layer in: (a)—(d) the presence of SOC coupling [yso # 0 in Eq. (2)]; or (e)—(h) the absence of SOC coupling [yso # 0 in Eq. (2)].
Panel (e) also shows (thin red line) time derivative dM /dt. Panels (a),(b),(e) and (f) are obtained during demagnetization &
fast recovery time interval from experimental data in Fig. 1, while panels (c),(d),(g) and (h) are obtained during slow recovery.
I, and IJ> are computed either in the 7 NM lead in Fig. 2; or across the top edge bond (19 — 20) of FM central region when
NM leads are disconnected (dashed lines; for all solid lines, NM leads in Fig. 2 are connected).

harmonically in time, while |m;(t)| = const. [25, 27]) with
mZ(t) decreasing according to demagnetization dynamics
[Eq. (1)] of experimental data [7] in Fig. 1. Note that the
sum of LMMs gives total magnetization, M = " . m,,
where in the case of standard spin pumping computed
via the scattering matrix-based Brouwer formula [34] one
obtains [24, 25] for the vector of pumped spin current
(Fef1nnas Tt Tita o) 0 M x dM/dt. Naive ap-
plication of this expression to the setup in Fig. 2 would
give zero pumped current as M || dM/dt [Eq. (1)] in
the case of demagnetization. Nevertheless, since M(t)
is not periodic in the course of demagnetization, neither
scattering matrix-based Brouwer formula [34] nor more
general Floquet-scattering-matrix formulas [27, 40] are
applicable to two-terminal setup in Fig. 2. Instead, we
employ time-dependent nonequilibrium Green’s function
(TDNEGF) algorithms [28, 29] which can handle arbi-
trary time dependence of the central region in the two-
terminal setup of Fig. 2. For simplicity, the central FM
region in Fig. 2 is modeled as a one-dimensional (1D)
tight-binding (TB) chain, and NM leads are modeled
as semi-infinite TB chains which terminate at infinity
into macroscopic reservoirs of electrons kept at the same
chemical potential. This setup can also be viewed [Fig. 2]
as a chain of atoms we isolate from a realistic Ni layer,
where incoming linearly polarized laser light with elec-
tric field oscillating along the chain (the z-axis) causes
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FIG. 4. (a) Time-dependence of the z-component of electric
field Efp of EM radiation in the far field region, as generated
by pumped charge bond currents from Figs. 3(a) [orange line]
and 3(c) [blue line] in the presence of SOC. (b) Same in-
formation as in (a), but using pumped charge bond currents
from Figs. 3(e) and Figs. 3(g) in the absence of SOC. (c) and
(d) FFT power of signals in panels (a) and (b), respectively.
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demagnetization dynamics along the z-axis. Such geom-
etry is often encountered experimentally (see, e.g., Fig. 1
in Ref. [20]) or in TDDFT calculations (see, e.g., Fig.
1 in Ref. [9]). Since experimental setups used in ultra-
fast demagnetization do not contain NM leads, reservoirs
and external circuit attached—in contrast to standard
pumping problems studied in nanoscale devices [32, 33]
or magnetic multilayers [35]—we also analyze setup in
Fig. 2 whose semi-infinite NM leads are disconnected
(due to very small hopping toward them) and pumped
currents (dashed lines in Fig. 3) are forced to reflect from
the boundaries of the FM central region. Our princi-
pal results in Figs. 3 and 4 demonstrate what kind of
currents are pumped by demagnetization dynamics and
the frequency spectrum of EM radiation due to time-
derivative of pumped charge current [Eq. (5)], respec-
tively. We find that demagnetization dynamics pumps
both charge and (one component of, %) spin currents,
even in the absence of any SOC within FM central region
[Fig. 3(e)—(g)]. This is quite surprising when compared
to standard pumping by precessing magnetization where
charge pumping is found only under special conditions,
such as SOC present in the bulk [27] of FM layer, or at
FM/NM interface [26], as confirmed experimentally [41].
With SOC absent and NM leads attached, we also find
[Figs. 3(e),(f)] that during demagnetization pumped cur-
rents follow dM,/dt. This provides some justification
for “dM/dt mechanism” conjectured [14, 42, 43] from
fitting of experimental data. However, with leads dis-
connected and/or in the presence of SOC—which is typ-
ically the case as SOC provides magnetic anisotropy in
FM layers in equilibrium or plays an essential role [6, §]
out of equilibrium by triggering spin-flips [19] responsi-
ble for demagnetization—pumped currents proportional-
ity to dM,/dt is lost in Fig. 3. In addition, all three
components of pumped spin current [Figs. 3(b),(d)] be-
come nonzero in the presence of SOC.

Time-dependent charge currents [Figs. 3(a),(e)] will in-
evitably radiate EM waves, even if conversion of addi-
tionally pumped spin current [Figs. 3(b),(f)] into charge
current is: absent, as in case of a single FM layer [10];
inefficient [44]; or not easily related [45] to the source
of experimentally observed THz radiation. We use the
Jefimenko equations [46, 47], as properly time-retarded
solutions of the Maxwell equations in the case when time-
dependent charges and their current can be considered as
given [9], to compute electric field Epp [Eq. (5)] of emit-
ted EM radiation in the so-called far field (FF) region
(where electric field decays as inverse of distance from
the source). The Jefimenko formula for Epp reveals that
it is radiated only by the time-derivative of local [or bond,
I;;, in Egs. (5) and (6)] charge currents, rather than
by charge current itself as often assumed in fitting of ex-
perimental data [14, 20]. By plugging into Eq. (5) bond
charge currents from realistic setup with disconnected
NM leads, i.e., magenta curves from Figs. 3(a) and 3(e),

4

we obtain E%p in Figs. 4(a) and 4(b), respectively. Their
fast Fourier transform (FFT) in Figs. 4(c) and 4(d), re-
spectively, demonstrates that charge currents pumped di-
rectly (i.e., without any spin-to-charge conversion) by de-
magnetization dynamics contain [orange line in Fig. 4(c)]
spectral features within 0.1-30 THz range in full accord
with experiments [12-17, 20]. By comparing Figs. 4(c)
and 4(d), we learn that THz spectral features are related
to SOC-induced oscillations in magenta line in Fig. 3(a).
Models and Methods—The Hamiltonian of two-
terminal setup of Fig. 2 is that of 1D TB chain

H(t) = =Y _élej— Jua Y cle-my(t)e
(i3) i
—ivs0 »_ elayé;. (2)
(i5)

The TB chain hosts both conduction electrons and clas-
sical LMMs m;(¢) to model metallic FM central region.
The bottom (B) and the top (7') NM leads are also semi-
infinite 1D TB chains, described by the first term alone in
Eq. (2). The Fermi energy of the macroscopic reservoirs
into which NM leads terminate is set at Er = 0. Here
el = (é;rT éL) is a row vector containing operators 610
which create an electron with spin o =1, | at site ¢; ¢; is a
column vector containing the corresponding annihilation
operators; -y is the hopping between the nearest-neighbor
(NN) sites, also setting the unit of energy; vso is an ad-
ditional spin-dependent hopping [48] due to the Rashba
SOC [49]; and the conduction electron spin, described
by the vector of the Pauli matrices 6 = (65,6y,6%), in-
teracts with m;(¢), which remain parallel at all times to
the z-axis while only changing their length [Eq. (1)] ac-
cording to experimental data in Fig. 1, via sd exchange
interaction of strength Jsq = 0.2 [50].

The fundamental quantity of quantum statistical me-
chanics is the density matrix. The time-dependent
one-particle nonequilibrium density matrix can be ex-
pressed [28], p™¢9(t) = hG<(t,t)/i, in terms of the lesser
Green’s function of TDNEGF formalism [28] defined by
G577 (1) = £(eh (1) Eio (£))nes Where (. Jpes is the
nonequilibrium statistical average [51]. We solve a ma-
trix integro-differential equation [29, 30]

ihd,p™*t = [H(t), p"Y +i Y [M,(t) + (1), (3)
p=B,T

for the time evolution of p"°4(t), where H(t) is the matrix
representation of Hamiltonian in Eq. (2). Equation (3)
is an exact quantum master equation for the reduced
density matrix of the FM central region viewed as an
open finite-size quantum system attached to macroscopic
Fermi liquid reservoirs via semi-infinite NM leads. The
IL,(¢) matrices

IL,(t) = /Oldtg [G” (t,t2) X5 (t2,t) — G=(t,12) X (ta,1)],
(4)



are expressed in terms of the lesser and greater
Green’s functions [51] and the corresponding self-energies
¥20<(t,t') [29].  They yield directly time-dependent
charge, I,(t) = §Tr[II,(¢)], and and spin current,
Ipsu (t) = $Tr[6II,(t)], flowing into lead p = B, T for
arbitrary time-dependence of Hamiltonian of the central
region. Since the applied bias voltage between NM leads
is identically zero in this study, all computed I,(t) and
Ipsa (t) are solely currents pumped by time-dependence of

J

1
Epp(r,t) = Tregc? ) /
P

Py,

-

i =1

and adapted [2, 52] to take time-dependent bond charge
currents, I;_,;(t) [Eq. (6)] defined on TB lattice, as the
source. Here t,. =t — |r — 1| /c emphasizes retardation in
the response time due to relativistic causality [46, 47].
In Figs. 3 and 4, as well as in Eq. (5), we use N = 20
as the number of TB sites and N, = 19 as the number
of bonds between. The bond currents [30, 48, 52] I;_,,
are assumed to be spatially homogeneous along the path
P;_,; from site i to site j, which is composed of a set of
points | € P;_,;. We obtain them as

Iiyj(t) = ﬁTrSpin pij(t)Hji(t) — pji()Hy(t) |,  (6)

ih
by isolating 2 x 2 submatrices p;;(t) of p"*I(t) whose
off-diagonal elements determine such currents. Note that
diagonal elements of p;(t) determine on-site nonequi-
librium charge density, whose time dependence con-
tributes [2, 9, 52] to near-field EM radiation. In Eq. (6)
Trepin|. - -] denotes trace in the spin space only.
Conclusions and Outlook.—By using time dependence
[Fig. 1] of ultrafast demagnetization [Eq. (1)] from ex-
periments [7] on fsSLP-driven Ni layer—which is plugged
into a two-terminal setup [Fig. 2] of standard the-
ory [24, 25] of spin pumping to replace its slowly and
harmonically precessing magnetization of fixed length
driven by microwave absorption [35]—we directly con-
nect these two apparently disparate phenomena. That is,
time-dependent quantum transport theory that can han-
dle [28-31] arbitrary time-dependence of LMMs within
the central FM region in Fig. 2 shows how demagneti-
zation pumps, surprisingly, both spin and charge cur-
rents. The physical picture emerging is that of fsLP
which drives electrons far from equilibrium to cause
their current oscillating at light frequency (as well as
at high harmonics of light frequency [2, 22]), while the
ensuing [6] demagnetization dynamics pumps additional
charge current whose time derivative [Eq. (5)] gener-
ates spectral features of emitted EM radiation at THz
frequencies in Fig. 4(c) [additional Fig. S1 in the Sup-

Ol (ty)

the Hamiltonian. We use the same units for charge and
spin currents, defined as I, = I; + Ilf and IEQ = I; — Ilf,
in terms of spin-resolved charge currents I;). In our con-
vention, positive current in NM lead p means charge or
spin current is flowing out of that lead.

The electric field of EM radiation emitted into the FF
region is calculated from the Jefimenko equations [46],
reorganized [47] to isolate FF contributions

~ Oli ()

-1)-e, | dl.
(r—1)-e ] e

v =17

(

plemental Material [53] demonstrates that presence of
both fsLP and demagnetization dynamics as concurrent
nonequilibirum drives does not change our conclusions
from Fig. 4(c)]. We emphasize that slow recovery [Fig. 1]
of magnetization on longer ~ 1 ps timescales does mot
generate any EM radiation with features in 0.1-30 THz
range [Fig. 4(d)]. Our prediction of direct charge pump-
ing by ultrafast demagnetization dynamics offers a uni-
fied explanation for experimentally observed THz radi-
ation from both single FM layer [10] and FM/NM bi-
layers [12-14, 20]. Tt can be easily confirmed or falsified
by observing THz radiation from, e.g., Pt/Ni/Pt trilayer
whose intensity is comparable to the one from often em-
ployed [20] Ni/Pt bilayer. In contrast, standard phe-
nomenological picture [12-14, 20] of spin-to-charge cur-
rent conversion by ISHE in Pt would predict no EM ra-
diation from Pt/Ni/Pt trilayer due to opposite direction
of ISHE charge currents within two Pt layers. Even if
much smaller THz radiation is found in Pt/Ni/Pt tri-
layer, our theory still provides microscopic explanation
for the origin of spin current flowing from Ni to Pt layer,
thereby replacing phenomenologically conjectured spin
voltage [14, 23] as its driving mechanism.
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This Supplemental Material provides one additional Fig. S1 demonstrating that main conclusion from Figs. 4(a)
and 4(c) in the main text—that demagnetization dynamics is crucial to generate charge current with proper spectral
features in 0.1-30 THz range—remain intact even if second nonequilibrium drive, that is fs laser pulse, is explicitly
included. For this purpose, we copy orange curves from Figs. 4(a) and 4(c) into Fig. S1(a) and S1(b), respectively,
and compare them with additional curves obtained when both fs laser pulse and demagnetization are operative, or
only fs laser pulse is present. In particular, light alone cannot generate THz features of emitted electromagnetic
radiation as its frequency is much higher, and any electronic current photoexcited by light directly will have spectral
features either at that frequency or its high harmonics [1].
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FIG. S1. (a) Time-dependence of the z-component of the electric field Efp of electromagnetic (EM) radiation in the far-field
region. Three signals in (a) are computed by plugging it charge currents into Jefimenko Eq. (5) in the main text obtained for:
demagnetization & fast recovery dynamics (from Fig. 1 in the main text only) present as nonequilibrium drive [orange curve,
which is identical to orange curve in Fig. 4(a) in the main text]; fs laser pulse only is present; and both of these nonequilibrium
drives are present. (b) The corresponding fast Fourier transform (FFT) of three signals from panel (a). The fs light pulse
driving electrons out of equilibrium is introduced via the Peierls substitution, as in Ref. [2] while using parameters zmax = 0.25,
Tlight = 2 X 103, ¢, = 200 fs and central frequency fiwo = 2.28 €V. The gray curve on the bottom of panel (a) illustrates vector
potential and duration of fs light pulse.
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