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Abstract

We present a model for describing spin-diffusion in normal metal/ferromagnetic metal het-
erostructures induced by pulsed-laser heating. The model is based on the assumptions that elec-
tronic heat currents give rise to the spin-dependent Seebeck effect and that ultrafast demagnetiza-
tion generates spin accumulation with a rate proportional to the demagnetization rate measured.
Spin-diffusion currents are then driven by gradients in spin accumulation and electron temperature.
The model considers spin-dependent thermal conductivity and electron-phonon coupling, which can
give rise to different effective temperatures for majority and minority spins, known as spin heat
accumulation. We find that spin heat accumulation can significantly enhance the spin-dependent

Seebeck effect.



I. INTRODUCTION

Recent developments in the field of spintronics promise new methods for generation of
spin currents.! Spin transport caused by laser excitation of thin films composed of ferro-
magnetic metal and normal metal layers has been reported in a number of pump-probe
experiments.? 10 In Refs. 3-7, direct interaction of laser-light with the ferromagnetic layers
is assumed to cause superdiffusive spin transport (SDST) based on different lifetimes and
velocities of majority and minority spins in high energy states.!!

The experimental results on SDST are in qualitative agreement with the SDST theory.
A quantitative demarcation from spin diffusion has been achieved by Melnikov et al., who
study spin transport in Fe/Au bilayers, induced by 35 fs laser pulses and detected at the
Au surface using optical second harmonic generation.® By varying the Au layer thickness,
Melnikov et al. find a spin signal that propagates in Au with a velocity close to the group
velocity of electrons.

An alternative approach has been reported by Choi et al., who use indirect excitation
of a ferromagnetic metal placed between a Pt transducer and a Cu heat sink with picosec-
ond laser pulses. This approach allows for sizeable electronic heat currents of the order of
100 GW m~2.%10 Choi et al. assume that the heat current results in ultrafast demagnetiza-
tion of the ferromagnetic layer and gives rise to the spin-dependent Seebeck effect (SDSE).
Choi et al. state “(...) we showed that the demagnetization-driven spin generation is due
to electron-magnon coupling, (...).”%! This statement is too strong for two reasons. First,
Choi et al. find that their experimental data can be explained assuming that the spin chem-
ical potential of the ferromagnetic layer changes proportional to the time-derivative of the
magnetization of the ferromagnetic layer, probed by the time-resolved magneto-optic Kerr
effect (TRMOKE). This assumption does not necessarily imply electron-magnon coupling.
Second, assignment of a strong degree of certainty to a hypothesis is unnecessary and mis-
leading, because the agreement between a model prediction and a measurement can only
corroborate the assumptions of the model. Nevertheless, Choi et al. achieve quantitative
agreement between model prediction and measurement considering conventional heat- and
spin-diffusion equations.®!%!2 Moreover, by varying the Cu layer thickness, Choi et al. find a
spin signal that propagates with a velocity, more than one order of magnitude smaller than

the group velocity of electrons.



Spin-dependent thermal transport through interfaces with a ferromagnetic metal can
cause different effective temperatures for majority and minority spins, known as spin heat
accumulation (SHA).'* 16 Prior research on the SDSE assumed local thermal equilibrium
between majority and minority spins, i.e., neglected possible influences of SHA on thermally-
driven spin currents.%:17:18

Here, we present a heat- and spin-diffusion model for describing spin transport in
nanoscale metal layers induced by pulsed-laser heating that considers different effective tem-
peratures for majority and minority spins (Sec. ITI). We introduce three approximations that
yield to a simplified spin-diffusion model that has been used without further justification
by Choi et al. (Sec. IV).1? We argue that the approximation of zero SHA is not generally
valid and analyze the influence of SHA on the SDSE (Sec. V). Since we find that SHA can

significantly influence the SDSE, we discuss the material parameters required for increasing

the SDSE through SHA (Sec. VIA).

II. PROBLEM SITUATION

Consider a metal stack composed of a 20 nm Pt transducer, a 3 nm ferromagnetic metal
(FM1), and a 100 nm Cu heat sink, as studied by Choi et al.'® and illustrated in Fig. 1.
The multilayered materials Choi et al. chose for FM1 are [Co(0.2)/Pt(0.4)]x5/Co(0.2) and
[Co(0.2)/Ni(0.4)]x5/Co(0.2) with perpendicular magnetic anisotropy. The metal stack is
situated on a sapphire substrate (starting with the Pt layer) and capped with 10 nm MgO
and 5 nm Al;O3. Laser-excitation of the Pt transducer through the sapphire substrate can
initiate spin transport. Choi et al. measure spin transport in two experiments: In what we
here call Experiment I, the spin current induces a precession of a second ferromagnetic layer
(FM2) attached at the Cu end with in-plane magnetization [Fig. 1(a)]; in Experiment II, the
spin current creates spin accumulation in the Cu layer [Fig. 1(b)]. Both phenomena have
been measured using the TRMOKE.%10

As determined using an transfer matrix optical model, approximately 99% of the total
absorbed near infrared laser light (wavelength: 785 nm) is absorbed in the Pt/FM1 bi-
layer (Appendix B). The laser energy of ~1.6 eV absorbed by electrons initially creates a
nonthermal electron distribution that thermalizes to a Fermi-Dirac distribution via inelas-

tic scatterings. Time-resolved photoemission spectroscopy indicates that complete electron



thermalization is achieved after ~ 1 ps in Au and after ~ 0.5 ps in Ni.!%? The excited
electrons transfer energy to the lattice through excitation of phonons and magnons. The
thermalization time of electrons and phonons in Pt, 7., = C./gep =~ 0.8 ps (Table II), is
comparable to the duration of pump pulses in the experiments considered here.
Presupposed the individual layers are thicker than the respective mean free paths of elec-
trons, the electron thermalization process is accompanied by fast electronic heat transport,
which undergoes different stages from ballistic transport, for time-scales shorter than the
lifetime of electrons (~10 fs)?!, to super-diffusive transport, for time-scales shorter than the
electron thermalization time, to diffusive transport after electron thermalization.!!-??
Before thermalization of electrons with the lattice, high electron temperatures locally con-
fined to the Pt layer, result in a sizable heat current through layer FM1 into the Cu heat sink.
Due to the dominating heat capacity of phonons, cooling of electrons to the phonon temper-
ature significantly reduces the heat current, which persists until Pt and Cu layers are in ther-
mal equilibrium. Assuming an interface thermal conductance of G = 100 MW m~2 K~!, the
characteristic time for heat to cross the Pt/sapphire interface is hyotCioy /G =~ 4 ns. There-
fore, only a small amount of heat is transported across the Pt/sapphire interface during

equilibration of the metal stack.

III. MODEL

We assume that the heat current through layer FM1 gives rise to two spin sources, SDSE
and ultrafast demagnetization, elaborated in Secs. III A and III B. We further assume that
the heat and spin transport is dominated by diffusion, i.e., can be described using heat and
spin diffusion equations derived in Secs. III C and IITD. This approximation is reasonable,
since the duration of laser pulses is longer than the thermalization time of electrons to a
Fermi-Dirac distribution, and since the thicknesses of the individual layers are larger than
the respective electron mean free paths (in Sec. V and Appendix A 3 we obtain a small spin
relaxation time of layer FM1, which implies that even for the only 3 nm thick layer FM1,
the mean free path is smaller than the layer thickness). The boundary conditions of the

model are described in Sec. III E.



A. Spin-dependent Seebeck effect and spin heat accumulation

Finite temperature broadens the Fermi-Dirac distribution at the Fermi energy. In the
presence of a temperature gradient in z-direction, the broadening becomes a function of
z. As a consequence, hot electrons above the Fermi energy and cold electrons below the
Fermi energy diffuse in opposite directions. In general there is an imbalance, i.e., a net
charge current occurs that can generate a thermoelectric voltage in an open circuit. This
phenomenon is known as the Seebeck effect.

The spin-polarized band structure of a ferromagnetic metal gives rise to different See-
beck coefficients for majority and minority spins. As a result, a temperature gradient can
drive a spin current that generates spin accumulation of opposite signs at the edges of the
ferromagnet. This phenomenon is known as spin-dependent Seebeck effect (SDSE).?

If a heat current flows from a ferromagnetic metal into a normal metal, the asymmetry
of the heat currents carried by majority- and minority-spin electrons changes from a finite
value in the ferromagnetic metal to zero in the normal metal. As a consequence, there is
a mismatch in the distribution functions of majority and minority spins on a length scale
lgga ~ \/D—m from the interface, determined by the diffusion constant of electrons, D, and
the thermalization time between majority and minority spin electrons, 7g,. If the individual
thermalization times of majority and minority spins are comparable to, or smaller than 7g ,
then majority and minority spins cannot be described by Fermi-Dirac distribution functions
at distances shorter than lgy, from NM/FM interfaces. However, according to Ref. 14,
it is possible to assume Fermi-Dirac distribution functions after defining effective electron
temperatures and chemical potentials. The difference between the two effective electron
temperatures, T — 7], is then a measure of the difference of the heat stored in the majority-
spin electrons and the heat stored in the minority-spin electrons. Spin heat accumulation is
a transport effect, that persists even in steady state.

Laser-heating of the Pt transducer creates temperature gradients 07%/0z and 07 /0z in
FM1 that leads to spin-diffusion into the adjacent Pt and Cu layers.



B. Spin generation by ultrafast demagnetization

During laser-excitation of the Pt transducer, fast electronic heat transport through the
Pt/FMI1 interface causes ultrafast demgnetization of FM1.%19 A discussion of possible mech-
anisms of ultrafast demagnetization can be found in Ref. 24. We assume that ultrafast de-

and re-magnetization generates spin accumulation in the conduction electrons of FM1:

8(n¢ —’I'L¢) . 8M

where n4()) is the number density of majority (minority) spins, pg is the Bohr magne-

oM

5¢ 15 the time-derivative of the magnetization M determined using TRMOKE.

ton, and
A possible mechanism that could explain Eq. (1) is exchange interaction that gives rise to
electron-magnon scattering transferring angular momentum from 3d-electrons of the mag-
netic system to 4s-electrons that dominate the conductivity. If the total angular momentum
of the electrons during electron-magnon scattering is conserved, a change of M creates spin
accumulation in the 4s-electrons. Generation of spin accumulation is accompanied by spin
relaxation, e.g., via spin-orbit interaction giving rise to incoherent spin-flip processes that
transfer angular momentum from electrons to the lattice.

The above hypothesis of electron-magnon scattering requires that either the sensitivity of
TRMOKE to the magnetization in the 4s-electrons is small compared to the magnetization
in the 3d-electrons, or that the relaxation of the spin accumulation or/and the spin transport
into adjacent layers occurs on a time scale that is short compared to the time resolution
of the measurement. In the latter case, the magnetization present in the 4s-electrons is
small compared to the magnetization of the 3d-electrons at each relevant time step of the
measurement.

In any case, spin accumulation created during ultrafast demagnetization of FM1 drives

a spin-diffusion current into the adjacent Pt and Cu layers.

C. Currents

Based on the two-current model of ferromagnetic transition metals,?®> we consider
electronic transport of charge and heat by two coupled transport channels of majority

and minority spins, driven by gradients in spin-dependent electrochemical potentials and



temperatures.?6 In metals, thermal transport is dominated by electrons. At room tem-
perature, phonons provide an additional thermal transport channel with dominating heat
capacity that is coupled to electrons via electron-phonon scattering. We neglect the heat
capacity of the thermodynamic reservoir of magnons, which becomes significant near the
Curie temperature.?”

In linear response, electrical and thermal current densities, j and ¢, considered here are

given by?
, 0, 0D, 0T,
Js = ? ER - Sso-sga (2)
oT, S,o0,1,0P,
oT,
4o = — Pa_zp7 (4)

where subscript p refers to phonons, s =7 for majority spins, and s =| for minority spins; o
and A denote electrical and thermal conductivities, S denotes Seebeck ceofficient, ® denotes
electrochemical potential, and 7" denotes temperature; e is the elementary charge. The
electrochemical potential &5 = —ep+(; comprises electric potential ¢ and chemical potential
Cs-

In the following, we neglect the Peltier term in Eq. (3), which is a good approximation
in metals, since S? < L, where L is the Lorenz number. In that case, heat transport
can be considered independently from charge transport. Furthermore, we assume that the

magnetization vector is uniform in space and parallel to the effective magnetic field.

D. Transport equations

Charge carrier number density n = n4 +n; and electrical current density j = jy + j; are

connected by the continuity equation,

on 0j
_6_ _—

En + 9, =0. (5)

Presupposed the electron temperature remains well below the Fermi temperature, the Som-
merfeld approximation of ny yields

Iny _ O 0G 9
- = 2 ~ N,
ot — a¢ ot ot (6)



where N; is the density of states of majority spins at the Fermi energy (the equivalent

equation holds for n|). Using Egs. (2) and (6), Eq. (5) can be separated into®®

G Po PG o PTrY _ G

E—i_D < 8 Oz 9.2 €ST 022 - (CT_Ci) ot (7>

¢, Po ¢ PT\ _ 3@1

ot + D ( 8_ 022 + €S~L 022 - (gT QL) ot (8)
where Dy = W()L(E) is the diffusion constant of majority (minority) spins, and « can

be related to the spin-relaxation time 74 (see Sec. IV A). The second terms on the right side

of Egs. (7) and (8) are source terms defined by Egs. (1) and (6):
(%) N, O¢, 1 oM

o), " Ny ot N, ot )
(2) - Mok, 1 on

ot Ni ot ,UBNiﬁ.

The electric potential must satisfy the Poisson equation

D*¢  e(dny +ony)
= 11
822 € Y ( )

where € is the permittivity.
Internal energy density u = u4 + uy + up, thermal current density ¢ = ¢ + q; + ¢p, and
heat input per unit volume and time p(z,t) due to laser absorption satisfy the continuity

equation
ou  0Oq
En + = o = p(z,1). (12)

Inserting Eq. (3) and (4) and using Ou/ot = COT/0t, where C' is the volumetric heat

capacity, Eq. (12) can be separated into the three-temperature model'

8T 82T p(Z, t)

Ch atT — A azzT = gro(lo = T1) + (T = T1) + ——, (1)
8T 62T p(Z, t)

Cy 8: T 82/; = gp(Tp = T\) + g (Tt = T}) + 2 (14
oT, 0*T,

Ch atp — azQP = gp(T3 = Tp,) + g1p(T) — T,), (15)

where we assumed that the laser-energy is equally absorbed by majority and minority spins.
The three-temperature model assumes that electrons are in a Fermi-Dirac distribution. Dur-
ing laser-excitation, electrons are initially in a nonthermal distribution that is not captured

by the three-temperature model. However, if the duration of the laser-pulse is longer than



the thermalization time of the electron distribution the three-temperature model is a rea-
sonable approximation. Further note, that in the presence of a heat current, majority and
minority spins are in nonthermal distributions at normal metal/FM interfaces (compare
Sec. IIT A). According to Ref. 14 majority and minority spins can still be described by
Fermi-Dirac distributions after definition of effective temperature parameters. Hence, near
NM/FM interface, T4 and 7 should not be considered as real temperatures.

The three coupled heat diffusion equations Egs. (13)-(15) can be solved independently
from the charge transport equations Eqgs. (7) and (8), because we neglected the Peltier term

in Eq. (3).

E. Boundary conditions

The multilayer of Experiment I and II described in Sec. II, imposes the following boundary
conditions to the model in the limes §z — 0 (for the bulk properties A, and o, the subscript
0,1,2,3, or 4 indicates that the bulk property refers to the layer in negative z-direction from
the respective interface 0,1,2,3, or 4 as labeled in Fig. 1):

Boundary conditions for the transport of heat: Semi-infinite dielectric substrate, con-
tinuity of the flux of heat and temperature through the sample, consideration of finite

temperature steps by thermal interface conductances G, dielectric capping, and adiabatic



surface:

(z = —o0)
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o7,
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where s =1 for majority spins and s =] for minority-spins. For Experiment I, we neglect

layer FM2 in the thermal model, since the total metal stack is much thicker than layer FM2.

Boundary conditions for the transport of charge: Dielectric substrate, continuity of the

charge current density and chemical potential through the metal stack, consideration of

finite chemical potential steps by electrical interface conductances 32, and dielectric capping:
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For the multilayer of Experiment I, we assume that FM2 is a perfect spin sink,

Cr(z3) —

C(23) =

0P O
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10
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(18)



while for Experiment 11,

05,3 (aq)s> —0.
e 0z (25—62)

To describe the pulsed-laser heating we approximate the temporal heating profile with a
gaussian function using a FWHM of 0.85 ps, which corresponds to the FWHM of correlated
pump and probe pulses. Then, the heat input per unit volume and time, p(z,t), in the heat

diffusion equations (13)-(15)] is

p(z,t) = abs% exXp (_2%2) 5 (19>
z € {0,20}, t € {—10,10} ps (20)

where F,ps = 3.7 J m? is the total absorbed fluence, p(z) is the calculated absorption profile
through the Pt/FM1 bilayer (see Sec. B), and z = 0 and z = z, are the coordinates of the
sapphire/Pt and Cu/FM2 interfaces, respectively (compare Fig. 1).

IV. APPROXIMATIONS

The transport equations derived in Sec. III include 17 material parameters that are re-
quired for each layer of the sample. In the following, we introduce three approximations
that hold for zero charge current, zero SHA, and small divergence of electronic heat cur-
rent in FM1. Application of these approximations allows for a reduction of the number
of free parameters and results in the simplified spin-diffusion model used by Choi et al.!°
As discussed in Sec. IIT A, heat transport through NM/FM interfaces can create SHA, i.e.,
Approximation II is not generally valid. The influence of SHA on spin diffusion is discussed

in Sec. V.

A. Approximation I: zero charge current

Under open circuit conditions, the initial charge current after application of a temperature
difference relaxes on a time scale given by the dielectric relaxation time 74, = €/, where €
is the permittivity and o is the permittivity. In metals, 74, is of the order of 1 x 107 s.
Since the temperature gradients in the experiments considered here vary on much longer

time scales in comparison to electric fields, we can assume that the charge current is zero:
j=Jj++i =0 (21)

11



Inserting Eq. (2) in Eq. (21), we can substitute d¢/0z in the charge transport equations
(7) and (8). The resulting spin current, j+ — j,, and the corresponding time-dependent

spin-diffusion equation read:

. . 20}0} 8CT - Ci) o GTT 8T¢
NN o+ 0y) ( 5. g T, ) (22)
NG — () (¢ —¢) Ty 0*T) G-=¢ , (G —¢)
ot _D( o2 g e S¢a2)_ . +( ot )S’ (23)

where D = (0,D+ + 0+D;)/(04+ + o)) is the spin-averaged diffusion constant and 79 =
eN:N,/[a(Ny + N|)] = [3/D is the spin-relaxation time with Ilg being the spin-diffusion
length. Using the equality 0¢;/0t = —0¢; /0Ot that holds in Approximation I, the source
terms due to ultrafast demagnetization becomes

(3(CT—C¢)> __ M+ N oM (24)
ot S 2ug N+ N Ot
Approximation I removes the material parameter € from the model. However, due to spin-
dependent transport in FM1, the charge accumulation at interfaces created by the initial
charge current is accompanied by spin accumulation. To demonstrate that spin accumulation
due to the Seebeck effect is much smaller in comparison to spin accumulation due to SDSE; it
is sufficient to consider a semi-infinite homogeneous conductor with a temperature gradient
0T /0z perpendicular to its surface. The surface charge density is given by the electric field
E =-50T/0z:
aT

Assuming a spin-asymmetry coefficient of 8 = (04 — 0))/(o+ + o) = 0.5, the number of
spins per unit area due to the Seebeck effect is given by

PIMG e 0T
ISE e 268 0z (26)

The steady-state solution of Egs. (31) and (35) for a semi-infinite conductor extended in the

z-direction is given by

0 ls
where lg = /D7 is the spin-diffusion length. Integration of Eq. (27) and multiplication of

GG = —esszsa—Texp( Z) (27)

the result with the density of states at the Fermi energy gives the number of spins per unit

area due to the SDSE,

or

TSDSE = __SS%UTS (28)
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Finally, comparing Eqgs. (26) and (28) we obtain

TISE _@S

= 29
T)SDSE 7g Ss ( )

The spin Seebeck coefficient S/Ss is of the order of 1, whereas 74,/7s < 1. Therefore, the
spin accumulation is predominantly caused by the SDSE, i.e., spin accumulation due to

charge accumulation is negligibly small.

B. Approximation II: zero spin heat accumulation

Prior models for describing the SDSE assume equality of the temperatures of majority
and minority spins,

T, —T, =0. (30)

Under this assumption, spin current and time-dependent spin-diffusion equation become

T 20—T0-i E)CT - CJ,) . 8Te
AT e(or + o)) { 0z e5s 0z |’ (31)
NG —¢) [PG-¢) LT G—¢ MNM+N M
ot b 622 GSS 822 n 78 Q,UBNTNi ot ’ (32)

where Sg = Sy — 5| is the spin Seebeck coefficient, which should not be confused with the so-
called spin Seebeck effect. In contrast to the SDSE, the spin Seebeck effect describes thermal
generation of a spin current across the interface between a magnetic material and a normal
metal based on electron-magnon interactions across that interface (compare Sec. VIC).?
The second term in Eq. (31) defines the spin generation rate at the FM1/Cu interface
used by Choi et al. [compare Eq. (2) in Ref. 10]. Note that Choi et al. use a slightly
different definition for Ss. Though this definition includes a spin asymmetry coefficient of
the electrical conductivity, Choi et al. assume o+ = o, which gives a spin Seebeck coefficient

that is a factor of 2 smaller than the definition Sg = Sy — S| used here.

The three temperature model reduces to the two-temperature model

T, 0°T,

Ceﬁ - Aeﬁ = gep(Tp - Te) + p(Z, t)? (33)
0T, O0*T,
Cp 8tp o Ap azgp = gep(Te - Tp)7 (34)

where subscript e refers to electrons. Approximation II removes the parameter g, and the

spin-dependence of C,, A, and ge, from the model.

13



C. Approximation III: small divergence of electronic heat current in FM1

The remaining material parameters represent a minimum parameter set for describing
spin diffusion in metals subsequent to pulsed-laser heating. However, if the characteristic
time of heat diffusion through FM1 is much shorter than the rise time of the electron tem-
perature, the Seebeck spin-diffusion term in Eq. (32) that is proportional to the divergence
of the electronic heat current, becomes small compared to the normal diffusion term. In

that case, Eq. (32) reduces to
0G-¢) G -4)

_ G =6 N+ N M
ot 072 78 2/~LBNTNJ, ot ’

(35)

which does not include the spin Seebeck coefficient nor electron temperature. The SDSE is
included in the boundary conditions, e.g., the continuity of the spin current at the interfaces.

The characteristic length lo, = \/m over which electrons and phonons can have dif-
ferent temperatures is determined by electron-phonon thermalization time 7., = Ce/gep and
diffusion constant D, = A,/C. of electrons.?® For [Co/Pt] and [Co/Ni], [, is of the order of
10 nm, which is significantly larger than the thickness of FM1 of hgy; &~ 3 nm. Therefore,
the characteristic time of heat diffusion through FM1 is determined by the diffusion constant
of electrons in FM1, which gives a very short time of Tpy = hy /(4D.) & 30 fs. Since Ty (1)
varies on a much longer time scale, [T, (t + ey ) — To(t)]/To(t) < 1, the spatial temperature
profile is approximately linear in FM1 at each time step.

Note that Approximation III does not hold in the adjacent Pt and Cu layers, which
are much thicker than FM1. However, since the spin-dependent Seebeck coefficient is zero
in the nonmagnetic layers the spin diffusion equation still reduces to Eq. (35). Further,
Approximation IIT does not hold for sample geometries in which most of the pump light is
absorbed in a thicker (>~10 nm) ferromagnetic layer.

Approximations I, II, and III constitute the basis of the spin-diffusion model used by
Choi et al.'° In Sec. V, we question Approximation II and investigate the influence of SHA

in Experiments I and II reported in Ref. 10.

V. INFLUENCE OF SHA ON SPIN DIFFUSION

Approximation II fails if the spin heat relaxation time is comparable to the spin relaxation

time. Thermalization between electrons is achieved through inelastic scattering mechanisms,

14



which can differ between noble metals and transition metals.
In Au, complete thermalization of electrons is achieved after approximately 1 ps.'® As-

suming a similar thermalization time in Cu, the spin heat relaxation length of Cu can be

estimated as I}, = / D7‘SC,§h < 100 nm. The electron diffusion length during thermalization
of electrons with phonons is lo, = g%‘) ~ 60 nm. Therefore, we conclude that thermal-
ization of electrons in Cu at room temperature is dominated by electron-phonon scattering
with spin heat diffusion length ls(i‘tlh ~ 60 nm.

In transition metals, collisions of electrons from different bands with different effective
masses and velocities significantly contributes to the electrical and thermal resistivities.
Since the coupling parameter g4, of Pt is unknown, we estimate an upper bound of the spin
heat diffusion length of Pt of Ig%, = | /m < ﬁ ~ 10 nm.'® Note that in the presence
of spin heat accumulation in a normal metal, both majority and minority spin electrons are
in nonthermal distributions (compare Sec. IITA).

In ferromagnetic transition metals, a spin polarized band structure results in differ-
ent scattering rates for majority- and minority-spin electrons, which gives rise to a spin-
dependent thermalization time. In Sec. A 3, we determine a very short spin relaxation time
of approximately 20 fs for the [Co/Pt] layer, which is significantly shorter than the electron-
phonon thermalization time of ~0.8 ps. Experimental results reported in Ref. 30 indicate
strong spin-flip scatterings at the interfaces of [Co/Pt] multilayers, which supports the short
spin relaxation times we determined. Note that for strong electron-electron coupling be-
tween minority-spins, it is possible that minority-spins are in a Fermi-Dirac distribution in
the presence of spin heat accumulation, if spin heat relaxation is dominated by spin flip
scattering.

If spin heat relaxation in [Co/Pt| is dominated by spin-flip scattering, then the spin heat
diffusion length can be estimated as l[s(,ﬁ/ P~ D7g ~ 1.4 nm. In that case, [g, equals the
spin diffusion length, which both are of the order of the thickness of the [Co/Pt| layer.

Based on these estimations, it is reasonable to assume that SHA can be significant in the
metal stacks considered here. In addition to these theoretical aspects, the concept of spin
heat accumulation is corroborated by recent experiments that measure cross-plane giant
magnetothermal resistance (CPP-GMTR).!%1¢

In the absence of SHA the SDSE is determined by the difference Sy — S| = Ss [compare

Eq. (32)]. The presence of SHA results in different gradients 074/0z and 01/0z. As a

15



consequence, the SDSE depends on S; and S|, or on Sy — S, = Sg and St + 5, = S5,
respectively [compare Eq. (22)].

To demonstrate a possible influence of SHA on the SDSE, we analyze the measurement
data reported in Ref. 10 for the [Co/Pt] sample using Egs. (13)-(15), (22), and (23). In
contrast to the simplified heat- and spin-diffusion model used by Choi et al., consideration of
SHA requires knowledge of the normal Seebeck coefficient S, the coupling parameter g, and
the spin asymmetries of electrical conductivity, thermal conductivity, and electron-phonon
coupling parameter. Since S of [Co/Pt| is unknown, we use S of Co (S¢, = —22 pV K™1).18
Nguyen et al. measured a spin-scattering asymmetry of Co/Pt interfaces of f = (o3 —
o,)/(or + o)) = 0.5.% Based on the Wiedemann-Franz law, we assume that 3 = 0.5 also
describes the asymmetry of the thermal conductivity of the Co/Pt multilayer.3! We estimate
the coupling parameter gy, of [Co/Pt] using the spin relaxation time determined from the
simplified heat- and spin-diffusion model (see Appendix A), which gives

gry ~ G 97 %10% Jm? K. (36)
47q
Below, we find that consideration of SHA does not significantly change the fit result for 7g
of [Co/Pt].

We do not consider spin-dependent electron-phonon coupling,*? which can modify SHA
at time scales shorter than the electron-phonon thermalization time.

Calculated profiles of 1%, T}, and T}, through the metal stack are shown in Fig. 2. Dur-
ing laser-excitation, [Co/Pt] and Cu electrons are heated predominantly via electronic heat
transport (¢t = 0.4 ps, left panel in Fig 2). Note that due to the comparatively long dura-
tion of the pump pulses considered here (FWHM =~ 0.8 ps), we assume that ballistic and
superdiffusive heat transport do not significantly modify the temperatures of [Co/Pt] and
Cu electrons (compare Sec. VIB). The asymmetry in the heat currents of majority and
minority spins in the [Co/Pt] layer results in a splitting of 7% and 7. The SHA scales with
the temperature rise (middle panel: ¢t = 2 ps, right panel: ¢ = 20 ps) and persists as long as
heat flows through the NM/FM interfaces.

The calculated transients of 07:/0z and 07)/0z in FM1 are shown in Fig. 3(a) for
Bicoypy) = 0.5 (solid lines) and Bjco/py = 0 (dashed lines). Figure 3 (b) shows data from
Experiment I taken from Ref. 10 for the [Co/Pt] sample, together with the fitting curve

(solid line) we obtained from the spin-diffusion model under consideration of SHA. Fig-
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ure 3(c) shows the respective data for Experiment II, together with the model curve calcu-
lated considering the fit parameters determined from Experiment I and normalized to the
measurement data.

We obtain the fit results 7 = 19 fs and Sg = 12.5 yV K~! for [Co/Pt]. Compared to
the fit results we obtain when neglecting SHA (see Appendix A 3), the fit value for Sg is
decreased by ~ 34%. This means, that the presence of SHA can significantly enhance the
SDSE.

We use the results obtained from Experiment I to calculate the spin accumulation in the
Cu layer expected in Experiment II. Comparison of the model curve with the measurement
data then gives a conversion factor that relates Kerr rotation with spin accumulation in Cu.
The peak of the spin accumulation is dominated by 75 of the [Co/Pt| layer. Since the fit
result for 75 decreases by ~ 5% when considering SHA, the conversion factor /M, = 8.5
nrad A~! m is ~ 5% larger than the conversion factor determined without consideration of
SHA (see Appendix A 4).

Note that the presence of SHA can induce a SDSE in the normal metal layers Pt and
Cu, which contributes to the spin signals in Experiments I and II. Consideration of S¢, ~

1.5 uV K=t and Sp, ~ —5 pV K~! further decreases the fit result for Sy by ~10%.

VI. DISCUSSION

A. Can spin heat accumulation be useful?

From a material science perspective, it is interesting to point out material properties
required for increasing magnitude and time scale of thermally-induced spin currents. How-
ever, optimization of the SDSE-driven spin current is complicated by the interplay of spin-
dependent electrical conductivities, temperature gradients, and Seebeck coefficients. There-

fore, it is useful to express the SDSE-driven spin current in Eq. (22),

. . 2UTO'¢ 8T¢ 8T¢
= (o +0y) < St 0z +5 0z )’ (37)

in terms of spin-asymmetry coefficients 8y ~ 3, = (o1+—0)/(01++0)), By = (r—q1)/(¢r+q,),
and Bs = (Sy — S1)/(St + S)). Substitution of oy and 0| using the Wiedemann-Franz law
o1/Ay = o /A, = LgT,, where Ly = 2.45 x 1078 V? K2 is the Sommerfeld value of the
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Lorenz number, together with the Fourier law [first term in Eq. (3)], Eq. (37) becomes

2(ArSyqy — Ay Siar)

o ag
Jr— (AT+A¢)LOT6 ( )
Using the spin-asymmetry coefficients 3y, 3,, and g, we finally obtain
=y = % [(ByBs — 1), + (s — fs) (30)
I = 2Ly T, APS q A s)] -

While 55 and S, are limited to the interval [-1;1], the magnitude of 8¢ can be larger than
1, since S} and S| can have opposite signs. Note that /3, is a function of S, as illustrated
in Fig. 4 (a).

For Bs = 0, we obtain a SHA-driven SDSE with a spin current proportional to the sum
of By and Ba: jr — jy = (By + Ba)S¢e/ (2LoTe).

For gy = B, = 1, the spin current in Eq. (39) vanishes. This is because spin diffusion
in only one conduction channel is accompagnied by charge diffusion. Under open circuit
conditions, relaxation of charge currents occurs on much shorter time scales in comparison
to the variation of the temperature gradients in our experiments (compare Sec. IV A above).
This reasoning predicts that the SDSE does not occur in Heusler compounds with 100 %
spin polarization.

Equation (39) predicts a large SDSE in materials with large 55 and (35 of opposite sign.
To illustrate the dependence of the SDSE on (5 and s, we consider the integral

1= / (i — ju)dt (40)

over the spin current across the Cu/FM2 interface in Experiment II. Figure 4 (b) maps the
integral I over the two-dimensional parameter space of Sg and 5 for the [Co/Pt] sample
assuming Sjco/py = —22 X 107 V K1 Tt can be seen that |I| scales linearly with S5 and

becomes large if S5 and 55 have opposite signs.

B. Spin transport and ultrafast demagnetization

In Sec. III B, we assume that ultrafast demagnetization of the [Co/Pt] layer creates spin
accumulation in the [Co/Pt] layer (compare Eq. 1), and propose electron-magnon scattering
as a possible physical mechanism that could explain this assumption. According to this

interpretation, both ultrafast demagnetization of [Co/Pt] and spin transport are caused by
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local scattering mechanisms in the [Co/Pt] layer that are driven by a temperature difference
between electrons and the lattice. Due to the highly conductive metal-metal interfaces
and the only 3 nm thick [Co/Pt] layer, the spin accumulation created in the [Co/Pt] layer
diffuses into the adjacent Cu and Pt layers. Spin relaxation to the lattice predominantly
occurs in the Pt and the [Co/Pt] layers with short spin relaxation times, and in the CoFeB
layer that acts as a spin sink in Experiment I. For Experiment II, the peak nonequilibrium
magnetization in the Cu layer at ~0.5 ps is of the order of 150 A m™! [compare Fig. 3(c)
and Fig. 7(b)]. The peak magnetization loss in the [Co/Pt] layer at ~0.5 ps is of the
order of 10500 A m™! (compare Fig. S1(a) in the Supplemental of Ref.!?). Hence, the
maximum nonequilibrium magnetic moment in the 100 nm thick Cu layer corresponds to
approximately 50% of the maximum loss of magnetic moment of the 3 nm thick [Co/Pt]
layer. The assumption of conventional spin diffusion in the experiments of Choi et al. is
corroborated by their measurement of a spin signal that propagates in Cu with a velocity
more than one order of magnitude smaller than the group velocity of electrons.” However,
a description based on conventional heat and spin diffusion model fails at the femtosecond
time scale, where electrons are in a nonthermal distribution, and at length scales smaller
than the mean free path of electrons.

The superdiffusive spin transport (SDST) theory describes the transition from ballis-
tic electron transport to electronic thermal diffusion and thus captures the nonequilibrium
dynamics of electrons in nanoscale metal heterostructures subsequent to laser-excitation.!!
SDST proposes a nonlocal mechanism for ultrafast demagnetization and can be interpreted
as an ultrafast spin-dependent Seebeck effect that acts for a very short time of a few hun-
dred fs.?2 According to the SDST theory, the magnetization loss measured during ultrafast
demagnetization is caused by spin transport out of the probed region, e.g., into adjacent
normal metal layers. The assumption of superdiffusive spin transport initiated by direct
excitation of ferromagnetic metals with femtosecond laser pulses is corroborated by the re-
sults of Melnikov et al., who measure a spin signal that propagates in Au with a velocity
close to the group velocity of electrons.® However, the experiment of Melnikov et al. does
not exclude ultrafast demagnetization via electron-magnon scattering and local angular mo-
mentum transfer to the lattice, because the contribution of superdiffusive spin transport to
the total magnetization loss in the ferromagnetic layer is not quantified.

Eschenlohr et al. measure ultrafast demagnetization of a 15 nm Ni thin film deposited
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on a Al foil by indirect laser-excitation through a 30-nm-Au capping layer.® Since the major
amount of absorbed laser energy is transferred to Au electrons, Eschenlohr et al. assume that
ultrafast demagnetization of the Ni layer is caused by superdiffusive spin transport (SDST)
out of the Ni layer into the Al foil. Eschenlohr et al. state that based on their experimental
findings, several other spin-flip mechanisms, such as electron-phonon or electron-magnon
scattering, become much less likely as main driving mechanism of ultrafast demagnetization.®
Though they admit “in our experiment it could still be that hot nonequilibrium electrons
reach the magnetic layer fast enough to rapidly heat the phonons and magnons in it”, they
argue against this possibility by stating “recent experiments on Ni however showed that
this heating requires 1-2 ps for the phonons”, and conclude “the observed demagnetization
in Au/Ni however proceeds much faster (within ~0.5 ps), which deems a purely thermally
driven demagnetization unlikely for the Au/Ni system”.®

We think that the reasoning of Eschenlohr et al. is not sufficient to exclude local transfer of
angular momentum due to the following reasons: First, there is experimental and theoretical
evidence that magnon emission by hot electrons can occur on a femtosecond time scale.3
Second, ultrafast demagnetization via local angular momentum transfer does not require that
the temperature of phonons, which dominate the total heat capacity, rises on a femtosecond
time scale. Third, in contrast to the nonlocal measurements of spin signals provided by
Melnikov et al. and by Choi et al., the local measurement of ultrafast demagnetization
reported by Eschenlohr et al. does not provide experimental evidence of spin transport.

We conclude that the physical mechanisms responsible for spin transport during ultra-
fast demagnetization are still unclear and can differ depending on time scale and sample

architecture studied.

C. Longitudinal spin Seebeck effect

In the longitudinal spin Seebeck effect (LSSE),3* a temperature difference imposed to
a normal metal/FM bilayer induces spin transport across the normal metal/FM interface.
Based on current LSSE theories, the spin current can be driven by two forces: a temperature
difference between electrons and magnons across the normal metal /FM interface, and a
magnon temperature gradient in the FM layer.3® For the driving force of magnon temper-

ature gradient to be significant, it has been reported that the thickness of the magnetic
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insulator layer must be larger than the magnon diffusion length.>™*® Since layer FMI1 is
only 3-nm-thick, and since the highly-conductive metal-metal interfaces only allow for small
temperature differences across the interface, we assume that possible LSSE spin currents are
negligibly small. Furthermore, LSSE measurements that are based on the inverse spin Hall
effect, use magnetic insulators, because for ferromagnetic conductors, the LSSE cannot be
distinguished from the anomalous Nernst effect. In other words, the magnitude of the LSSE

in ferromagnetic conductors is unknown.

VII. CONCLUSION

The pump-probe approach discussed and analyzed in this work provides a promising
experimental platform for generation and detection of spin-diffusion currents. We demon-
strated that spin diffusion via spin-dependent Seebeck effect is influenced by spin heat ac-
cumulation. Engineering of the thermal transport properties of majority and minority spins
separately can provide a new route for optimizing the spin-dependent Seebeck effect. Fur-
ther experimental and theoretical work is required to determine a physical mechanism that
explains the transient spin diffusion currents during ultrafast de- and remagnetization. Our
pump-probe approach and the heat- and spin-diffusion model presented here are also appli-
cable for studying laser-induced Seebeck spin tunneling® and thermal spin transfer torques

across a tunnel barrier'® at ps time scales.
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Appendix A: Reanalysis of data from Choi et al. using the simplified model

Choi et al. approximate the temporal heating profile by a trapezoidal function and assume
an exponentially decaying heating profile with a decay length of 20 nm.!° Here we consider a
gaussian temporal heating profile and approximate the spatial heating profile with the optical
absorption profile (compare Sec. IITE). To compare our findings with those of Choi et al.,
we reanalyze their data using the simplified heat- and spin-diffusion model described by
Egs. (31), (33), (34) and (35). We solve the model for T,(z,t) and T,,(2,t) and (& — () (2, 1)
using a finite difference method. As discussed below, we use a different fitting procedure
compared to Choi et al. Furthermore, we provide a discussion of the sensitivities of the

measurements to the model parameters and of the accuracy of the fit results.

1. Determination of 07,/0z

Determination of T, from the two-temperature model Egs. (34) and (35) requires knowl-
edge of the spatial and temporal heating profile of electrons in the sample. Choi et al. assume
a spatial heating profile that decays exponentially with a decay length of 20 nm, which is
larger than the optical penetration depth in Pt of ~10 nm.!® Choi et al. assume that the
increased heating depth originates from initially ballistic motion of laser-excited electrons.
Here, we assume that the optical absorption profile represents a good approximation for the

heating profile, since the inelastic mean free path of laser-excited electrons in Pt of ~5 nm is

25



well below the optical penetration depth.2! We calculate the optical absorption profile using
an optical transfer matrix model (see Appendix B). The cross-correlation of pump and probe
pulses measured at the sample using a GaP detector gives the temporal heating profile that
is gaussian in shape with a FWHM of 6 ~ 0.8 ps. Note that the sapphire substrate does not
significantly affect the pulse duration. The absorbed laser-fluence is Fips = 3.7 J m=2.

Choi et al. measured the temperature responses of the Pt and Cu layers using time-
domain thermoreflectance (TDTR).!® The TDTR signal is dominated by the temperature
of phonons. Only during laser-excitation can the high temperature excursions of electrons
as well as the nonthermal phonon distribution significantly modify the thermoreflectance
signal (see deviation between black line and black squares in Fig. 5(a) for ¢t < 2 ps). At
the picosecond time scale, thermal transport from Pt electrons to Cu phonons depends on
thermal conductivities and electron-phonon coupling parameters.?? Therefore, the TDTR
data can be used to determine ge, of Pt and Cu (compare sensitivity plots in Appendix C).

Choi et al. determine ge, of Pt from the temperature rise of Cu phonons at ~1 ps and
obtain ge,py = 42 x 101 W m= K~!. This approach can result in a large error due to the
following reasons: (1) the sensitivity of T, to gep, of Pt peaks at t &3 ps; at ¢t = 1 ps, the
sensitivity is small, comparable to the sensitivity of Ty, to gep of Cu [compare Fig. 9(a)].
(2) The TDTR data for T, is normalized to the model prediction at ¢ = 200 ps. At this
time scale, T, is sensitive to the additional heat capacity of the capping layer, which is
not considered in the thermal model used by Choi et al.. After determination of g, of Pt,
Choi et al. determine g, = 7 x 101 W m™3 K~ of Cu from the temperature responses of
Pt and Cu between 10 and 200 ps.*°

Here, we use a slightly different approach. For Cu, we assume ge, = 7 x 10'6 W m™3 K~*
as determined in Ref.*! on Pt/Cu bilayers using TDTR. Based on the sensitivity plots
shown in Fig. 9(a) and (b), we determine g, of Pt from a weighted least-squares fit of
the solution of the two-temperature model [Egs. (33) and (34)] to the temperature rises
of Pt and Cu phonons at delay times between 2 and 20 ps. The temperature responses
measured are normalized to the two-temperature model at a delay time of 200 ps, when
the temperature through the metal stack is approximately uniform. We obtain gep,py =
(29 + 4) x 10'® W m™3 K~!'. Fit curves are shown in Fig. 5(a), model parameters are
summarized and discussed in Appendix D.

The error indicates the statistical uncertainty as determined from the condition o2 <
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202 for the variance between model prediction and measurement data, where oy, is the
variance when ge, py assumes the fit value [compare Fig. 10(a)]. Note that the error range
can be significantly larger due to systematic errors, e.g., from uncertainties in thermal con-
ductivities and thicknesses of the metal layers. Furthermore, ge,py should be considered as
an effective electron-phonon coupling parameter that includes the influence of the initially
nonthermal electron distribution with reduced electron-phonon coupling.*? The discrepancy
With geppt = 42 X 101 W m=3 K~! determined by Choi et al.'® originates from the different
fitting procedure and from the different heating depth considered.

Also shown in Fig. 5(a) as blue triangles is TRMOKE data measured through the Pt layer,
which indicates the temperature response of magnons in FM1. The discrepancy between the
values obtained by Choi et al. and the values determined in this work originate from the
different fitting procedure and from the different spatial heating depths considered (compare
above). Note that g, of Pt determined here is more than a factor of three smaller than the
value reported in Ref. 43 determined using optical pump-probe reflectivity measurements.

The TRMOKE data indicates a remagnetization time shorter than the thermalization
time of electrons with phonons predicted from the two-temperature model (compare blue
solid line in Fig. 5(a) that shows T in FM1). This deviation could originate, e.g., from
underestimated electron-phonon coupling in FM1. The TDTR data measured on the Cu
side shows a hump at ~ 1 ps, which indicates a significant temperature excursion of Cu
electrons due to fast electronic heat transport contributing to the TDTR signal.

We use the electron-phonon coupling parameters determined to calculate the electron
temperature gradient, 07,/0z in FM1. Figure 5(b) shows the calculated electronic heat
current j, in the [Co/Ni| layer. According to the time-evolution of j,, the spin current
driven by 07T,/0z must peak at short time scales during laser-excitation (<~1 ps) and
continues to act over longer time scales, up to ~100 ps. The sensitivity of 9T,/0z to various
materials parameters is shown in Fig. 9(c). Besides electronic thermal conductivity of FM1,
0T,/0z is dominated by electron-phonon coupling parameter and electronic heat capacity of
Pt at short time scales (<~4 ps). At time scales longer than ~4 ps, 97,/0z is dominated
by electronic thermal conductivity of the FM layer and electron-phonon coupling of the
Pt layer, since the latter determines the amount of laser-energy stored in the Pt phonons
after laser-excitation. Dashed and dotted lines in Fig. 5(b) indicate variations of j, when

assuming an uncertainty of gep py = (29 +4) x 10" W m=3 K~!, as determined above.

27



2. Determination of 9M /0t

The magnetization transient of FM1 subsequent to laser-excitation can be determined em-
pirically by comparing transient Kerr rotation with static Kerr rotation measured through
the Pt layer and multiplying the results with the saturation magnetization of FM1. Numer-
ical differentiation then gives the de- and re-magnetization rates shown in Figure 5(c). We
fit the double Gaussian function

FE) = g0 + gA,. exp [— (t - “)2] (A1)

)

to the demagnetization rate and use the fit curve as input for the source term defined by
Eq. (1). According to the time-behavior of dM/0t, ultrafast demagnetization creates a
pulse-like spin current that acts at short time scales of ~1 ps and changes its polarity at

~0.5 ps.

3. Modeling of Experiment I: thermal spin transfer torque

Experiment I probes magnetization dynamics of layer FM2 upon laser-excitation of the
Pt transducer [(compare Fig. 1 (a)]. Magnetization precession driven by spin-transfer torque

can be described by the Landau-Lifshitz-Gilbert-Slonczewski equation®?

5 9 o
a_r;l = —Yeptom X Heg + agm X ar;l + MBZ\T/[Shji)m X (m x e,), (A2)

where m and e, are unit vectors parallel to the magnetization vectors of layers FM2 and
FM1, respectively; v, is the free electron gyromagnetic ratio, pg is the permeability, Hqg is
the effective magnetic field in FM2, ag is the Gilbert damping constant of FM2, j4 — 7, is the
spin current absorbed by FM2, and Mg and h are saturation magnetization and thickness
of FM2.

Layer FM2 serves as an integrating detector for spin currents. A weak spin source that is
not detectable with Experiment I, may still drive a clearly resolvable precession of FM2 in
Experiment I, if the spin current acts over sufficiently long time scales. In the measurements
considered, the SDSE produces spin current for ~100 ps. Amplitude and phase of the
precession of FM2 contain information about 7 and Sg of FM1, which we consider as free

parameter in the spin diffusion model.
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We assume that the relative change in Kerr rotation measured is equal to the relative
change in the out-of-plane component of the magnetization of FM2,

00k,  OM.

_ , A3
QK MFM2 ( )

where 20k is the change in static Kerr rotation measured when saturating the magnetization
from positive to negative out-of-plane directions, and Mgy is the saturation magnetization
of FM2.

To model Experiment I, we assume that FM2 is a perfect spin sink connected to the spin
current in Cu through a spin-mixing conductance, G4, which represents a further unknown
parameter. We assume Gy, = 0.56 x 10" Q7' m™2, theoretically calculated for Co/Cu
interfaces.*® To determine the free parameters 75 and Ss of FM1, we use a least-squares fit
of the solution of the simplified spin-diffusion model [Egs. (31) and (35)] to the TRMOKE
data, reported by Choi et al..!® We obtain 7¢ = 20737 fs and Sy = 181“;3/0% uV K=t for

—23%
[Co/Pt] and 75 = 1297139 fs and Sg = —2672% vV K~ for [Co/Ni]. The errors originate

~69% —26%
from three error sources discussed below. Figure 6(a) shows the TRMOKE data together
with the fit curves. Figure 6(b) and (c) show the calculated contributions from ultrafast
demagnetization and from SDSE to the spin current that flows into FM2 as a function of
time for the [Co/Pt] and [Co/Ni| samples, respectively. Model parameters are summarized
in Appendix D.

There are at least three main error sources in the analysis of Experiment I: (1) the
electron-phonon coupling parameter of Pt, which dominates the electronic heat current
[compare Fig. 9(c)]; (2) the spin mixing conductance of the Cu/FM2 interface, which affects
the amplitude of the precession; (3) the noise in the measurement, which affects the accuracy
of the fit. To see the effect of the systematic error sources (1) an (2), we consider the
uncertainty geppy = (29 £5) x 10 W m=3 K~! from the noise in the thermal measurement
(compare Sec. A1) and assume an uncertainty of 50% in G4, of the Cu/FM2 interface. To

2 = 20'ﬁt

quantify the statistical error source (3), we use contours of constant variance o
between model prediction and measurement data in the two-dimensional parameter space of
75 and Ss, where og; is the variance when 75 and Sg assume their fit values [see Fig. 10(b)].
The resulting error ranges are listed in Table I. For [Co/Pt], the error is dominated by the
error from the noise. For [Co/Ni|, the error is dominated by the errors from the spin-mixing

conductance and from the noise.
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Choi et al. analyzed Experiments I and II simultaneously and obtain for [Co/Pt], 73 =
20 fs and Sg = 12 pV K™, and for [Co/Ni|, 75 = 100 fs and S = —24 pV K~!, which is
in reasonable agreement with our results. A discussion of the short spin-relaxation times of
the different signs of the spin Seebeck coefficients of [Co/Pt] and [Co/Ni| can be found in
Ref. 10.

4. Modeling of Experiment II: spin accumulation

Experiment II probes spin accumulation in the Cu layer upon laser-excitation of the
Pt transducer [(compare Fig. 1(a)]. Since the relation between Kerr rotation and spin
accumulation in Cu is unknown, the model curves have to be normalized to the measurement
data to determine the free parameters 7 and Sg of FM1. Though the fit results we obtain
are close to the fit results from Experiment I, the statistical error range caused by the noise
in the measurement is too large for the fit results to be meaningful.

Therefore, we use the fit results obtained from Experiment I to calculate the spin accu-
mulation in the Cu layer expected in Experiment II. Comparison of the model curve with
the measurement data then allows for determination of the conversion factor that relates
Kerr rotation with spin accumulation in Cu. Figure 7(a) shows the Kerr rotation in the
Cu layer measured by Choi et al.'® for the [Co/Pt] and [Co/Ni] samples. Solid lines are
the model curves normalized to the measurement data. Figure 7(b) and (c) show the calcu-
lated contributions from de- and remagnetization and from SDSE to the spin accumulation
in the Cu layer for the [Co/Pt] and [Co/Ni| samples, respectively. Model parameters are
summarized in Appendix D.

To determine the conversion factor, we compare the peak height at ~ 0.5 ps of the
Kerr rotation measured and of the nonequilibrium magnetization predicted. We obtain the
conversion factors 6k /M, = 833;‘; nrad A~! m for the [Co/Pt] sample and 0 /M, = 81“:1,’8%%
nrad A~' m for the [Co/Ni] sample. The errors consider error propagation from 7S and Sg
of [Co/Pt] (compare Sec. A 3). Note that the calibration of the measurement setup used
in Refs. [9,10,12] to convert the voltages measured by the rf-lockin into angles contains an
error. The corrected Kerr rotations shown in Fig. 7(a) are a factor of 1.7 larger than the
Kerr rotations reported in Ref. 10. The correction affects the conversion factor that relates

Kerr rotation with spin accumulation, which is a factor of approximately 1.7 larger than in
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Ref. 10.

Appendix B: Absorption profile

We calculate the absorption profile of laser light using a transfer matrix optical model
considering optical constants of of 1.76, 2.7 4+ ¢5.9, 0.2 + ¢4.87, and 1.73 for sapphire, Pt,
Cu, and capping oxide layers. We assume that the optical constants of FM1 are equal to

the optical constants of Pt. Figure 8 shows the normalized absorption profile p(z) and the
integral P(z) = [ p(2)dz.

Appendix C: Sensitivity plots and error contours

To quantify sensitivity of variable Y with respect to parameter X, we use the sensitivity
coefficient Sx = dIlnY/0In X, which compares the relative change in Y with the relative
change in X. Sensitivity coefficients for Cu temperature, Pt temperature, and electronic
temperature gradient in FM1 are plotted in Fig. 9(a), (b), and (c), respectively. In each
figure, (a), (b), and (c) show the sensitivity coefficients with respect to the parameters
thermal conductivity A, electronic heat capacity coefficient v, and electron-phonon coupling

parameters gep, respectively, for the Cu, FM1, and Pt layers as indicated.

Appendix D: Model parameters and details

Metal stacks investigated by Choi et al. are schematically illustrated in Fig. 1. As layer
FM1, Choi et al. use [Co/Pt] and [Co/Ni| layers that consist of [Co(0.2)/Pt(0.4)]«5/Co(0.2)
and [Co(0.2)/Ni(0.4)«5/Co0(0.2), respectively. Model parameters used by Choi et al. are
summarized in Table IL.!Y Layer FM2 is neglected in the thermal model due to its small
thickness compared to the total metal stack. Electrical conductivities are determined using
sheet resistivity measurements; density of states at the Fermi energy are determined by
the electronic heat capacity coefficient v, N(Er) = 3v/(n?k%); thermal conductivities are
estimated from the sheet resistivity measurements using the Wiedemann-Franz law; total
heat capacities are taken from literature values; the electronic heat capacity is assumed to

vary linear with temperature, C, = y1". Choi et al. assume a thermal interface conductance

31



of 100 MW m~2 K~! for the sapphire/Pt interface.l® We assume the same value also for
the Cu/MgO interface. Since FMI is a ~3-nm-thin heterogeneous multilayer, we do not
consider extra thermal resistances at Pt/FMI1 and FM1/Cu interfaces. We approximate gep
of FM1 with ge, of Pt, since the sensitivity of the electronic temperature gradient to gep, of
FM1 is negligibly small [compare Fig. 9(c)]. We assume that the other material parameters
do not change with temperature. Since the electron temperature excursion remains below
200 K during laser-excitation, and is only of the order of 10 K after laser-excitation, the
assumption of constant material parameters (apart from C.) is reasonable approximation.
For example, Lin et al. predict significant changes of g., of Pt for temperatures of the order
of 1000 K and large.’® Thermal transport in metal is dominated by electrons. However,
the phonon thermal conductivities of Pt and of Cu influence the heat transport across the
sapphire/Pt and the Cu/MgO interfaces at time-scales of the order of 100 ps. Since the
TDTR data is normalized to the model prediction at ¢ = 200 ps, errors in the phonon
thermal conductivities can result in errors of the fit parameters. Here, we can only roughly
estimate the phonon thermal conductivities in the metals.

Choi et al. assume the following electrical interface conductances: ¥ = 1.5x 10 Q~! m~2

for the Pt/[Co/Pt] and the Pt/[Co/Ni] interfaces, ¥ = 1 x 10> Q~! m~2 for the [Co/Pt]/Cu
interface, and ¥ = 3 x 10" Q7! m~2 for the [Co/Ni]/Cu interface.!® The spin-mixing con-
ductance across the Cu/FM2 interface is estimated with Gy + 0.56 x 10> Q7! m™2, as
reported for Co/Cu interfaces.

Spin-relaxation times of Pt and Cu (75cy = 17 ps, 7spt = 0.5 ps) are calculated using
75 = [2/D and assuming I5* ~ 10 nm and [{" ~ 400 nm. The parameters used for calculation
of spin-transfer torque driven magnetization dynamics [Eq. (A2)] are: 7, = 1.76 x 107! rad
sTUTH aq =0.05, Mg =12x10° Am™', and Heg = 2.2 x 10° A m~!.

The TDTR signal measured at the Pt side is a weighted average of the temperature-profile
through the Pt layer. The weighting function OAR(2)/0T, where AR is the differential
contribution to the reflectivity of the sample at depth z, is determined using a transfer matrix
method assuming temperature coefficients of refractive index and extinction coefficient of
Pt of Onp /0T = 2.6 x 107* K! and 0kp;/0T = —3 x 107* K147 Due to the large
diffusion constant of Cu electrons, relative variations in phonon temperature across the
optical penetration depth of Cu are of the order of 1% and smaller. Therefore, we assume

that the TDTR signal measured at the Cu side is proportional to the phonon temperature
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at the Cu surface.
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TABLE I: Error propagation from three error sources into the error in the spin relaxation time,

7, and into the error in the spin Seebeck coefficient, §Sg, of [Co/Pt] and [Co/Ni]. dgep,pt: relative

error in electron-phonon coupling parameter of Pt, §%4,: relative error in spin-mixing conductance

of the Cu/FM2 interface, 02 < 202, : condition for estimating the error from the noise in the

measurement (compare Sec. A 3).

8ep,pt = £14% 634 = £50% 0? <202,

5TS[CO/P':] +1(17% +2(17% +20§
—9% —7% —20%

55%00/“] <+1? +137% +137%
—1% —4% —3%

5T[CO/N1} +22% +38% +132%
S —18% —12% —65%

5 S[CO/ Ni +6% +13% +43%
S —5% —5% —25%

TABLE II: Model parameters.' h: layer thickness, o: electrical conductivity, A: thermal conduc-

tivity, C: volumetric heat capacity, 7: electronic heat capacity coefficient, gep: electron-phonon

coupling parameter. The choice of the model parameters not explicitly stated in Ref. 10 is discussed

in Appendix D.

MgO Cu [Co/Pt] [Co/Ni] Pt sapphire

h (10~°m) 15 100 3.2 3.2 20 5x10°
o (10327 tm=1) 0 39 2.3 3.0 6.6 0
Ae (Wm™t K1) 0 300 20 26 50 0
Ap (W m™! K1) 40 5 1 1 2 30

C (10 J m=3 K1 3.27 3.45 3.15 3.89 2.85 3.08
v (J m™3 K=2) 0 97 699 930 721 0
Gep (1010 W m—3 K1 0 7° 29° 290 29¢ 0

®Taken from Ref. 41
bAssumed to equal ge, of Pt.

“Determined in this work (Sec. A 1).
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FIG. 1: (Color online). Conceptual diagrams of possible spin generation mechanisms and of the
detection approaches used in the two experiments studied. Laser-excitation creates spin accumu-
lation in FM1 via electron-magnon scattering and spin-dependent Seebeck effect. Resulting spin
signals are detected at the opposite side of the sample using time-resolved magneto optic Kerr
effect. Experiment I probes magnetization precession of FM2 induced by thermal spin transfer
torque (a); Experiment II probes spin accumulation injected into the Cu layer (b).!° Substrate
and capping layers are not shown in the schematics. The metal stack is deposited on a sapphire
substrate starting with the Pt layer; the top metal layer is capped with 10 nm MgO and 5 nm
Al»Os3.
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FIG. 2: (Color online). Temperature profiles of majority spins, T4, minority spins, 7, and phonons,
T, at different times steps after peak laser excitation (left panel: 0.4 ps, middle panel: 2 ps, right

panel: 20 ps), calculated assuming a spin-asymmetry coefficient of the thermal conductivity of

Ba = (A — A)/(As +A)) = 05.
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FIG. 3: (Color online). (a) Gradients 073/0z of majority spins (blue) and 07)/0z of minority
spins (red) in FM1 for spin-asymmetry of electronic thermal conductivity of = 0.5. The black
line shows 07./0z for § = 0. (b) Precession data of FM2 measured with TRMOKE for [Co/Pt]
as FM1. (c) Kerr rotation 9k in Cu measured for [Co/Pt] as FM1. Data in (b) and (c) is taken
from Ref. 10, data in (c) is corrected by factor 1.7 (see main text). Fit curves (solid lines) are
determined using the heat- and spin-diffusion model [Egs. (13)-(15), (22), (23)] considering spin
heat accumulation. Dashed and dotted lines indicate contributions from SDSE and from de- and

remagnetization, respectively.
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FIG. 4: (Color online). (a) Spin-asymmetry coefficient Sy = (¢4 — q;)/(qr + ¢;) of the electronic
heat current as a function of Sy = (A+ — A})/(A+ + A}) at delay times as indicated. (b) Integral
I of the spin current in Experiment I [compare Eq. (40)], mapped over 5 and g for the [Co/Pt]
sample assuming Sjco/py] = —22 X 1079 V K~!. White lines are contours of constant I as indicated

in the graph in units of A s m~2.
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FIG. 5: (Color online). (a) Temperature transients of phonons in Pt (black), phonons in Cu (red),
and magnons in FM1 [Co/Ni] (blue). Squares are TDTR data measured at the Pt side, circles are
TDTR data measured at the Cu side, and triangles are TRMOKE data measured through the Pt
layer, taken from Ref. 10. (b) Electronic temperature gradient jq in [Co/Ni] calculated using the
two-temperature model. Dashed and dotted lines indicate possible variations of j, an uncertainty
in electron-phonon coupling parameters of Pt of gep pt = (29 £4) x 1016 W m=3 K=, (c) Time-
derivative of the magnetization, OM/0t, of layer FM1 (triangles: [Co/Ni], circles: [Co/Pt]), taken

from Ref. 10; solid lines are fit curves using a double gaussian function.
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FIG. 6: (Color online). (a) Precession of layer FM2 measured with TRMOKE for [Co/Ni] (tri-
angles) and [Co/Pt] (circles) as FM1; data is taken from Ref. 10; solid lines are fit curves using
the simplified spin-diffusion model [Egs. (31) and (35)] and the LLG-equation [Eq. (A2)]. (b)
and (c): Calculated absolute spin current through the Cu/FM2 interface, driven by de- and re-
magnetization (black curves) and by spin-dependent Seebeck effect (red curves) for [Co/Pt] (b)
and [Co/Ni] (c) as FM1. Dashed lines indicate negative spin currents.
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FIG. 7: (Color online). (a) Kerr rotation fk in Cu measured for [Co/Ni] (triangles) and [Co/Pt]
(circles) as FM1, taken from Ref. 10 and corrected by factor 1.7 (see main text). Solid lines are
fit curves using the simplified spin-diffusion model [Eqs. (31) and (35)], (b) and (c): Calculated
nonequilibrium magnetization M, in Cu driven by de- and remagnetization (black curves) and by

spin-dependent Seebeck effect (red curves) for the [Co/Pt] (a) and for [Co/Ni] (b) as FMI.
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FIG. 8 (Color online). Normalized differential absorption profile p(z) and absorption profile
P(z) = [; p(2)dZ of laser light.

39



~—~~
&L

1 T T T E F \""I’y UL IS 1 o
3o Ae,FMl Ae,Cu ] — =X ]
~ - N\
kS ] BERENRN
£01 F Agp 3 SN { o1
3 ' ] SR VRN U N
7 \ N
5 LN
n \ AN \ 1
0.01 MY BRI EESRET | vl N DN S 0.01 MY I L
0.1 1 10 100 500 0.1 1 10 100 500 0.1 1 10 100 500
t (ps) t (ps) t (ps)
b
( ) 1 F T bl T T T T 1 ™
E'_n_ B et \\ . 1
5 - o - \ : Iepcu
-~
-Z‘ = = F = =
£ 0.1 N ///‘\\\\ 5 : \ et ] o1 \\ :
2 p Temmy sy \ ] i \ ] i / :
) K / 4 e,Cu ‘ - | \ | L / gep,FMl I\ ]
n / Y- “ -~ \ \
0.01 e Lol i ‘\.. vl N el 0.01 ALY
0.1 1 10 100 500 0.1 1 10 100 500 0.1 1 10 100 500
t (ps) t (ps) t (ps)
Cc
()m 1 P N 1 3 """'I/'\"""'Ig T
I—>< L
5e}
©
201 F 0.1 F
= E E
=
c
()
(%]
0.01 0.01

t (ps)

FIG. 9: (Color online). Absolute value of the sensitivity coefficients for temperature of Cu phonons

(a), temperature of Pt phonons (b), and electronic temperature gradient in FM1 (c). Dashed lines

indicate negative sensitivity coefficients.
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FIG. 10: (Color online) (a) Quality of the fit, 0?/02. | as function of the free parameter gep pt. (b)
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two-dimensional parameter space of gep pt and gep.cu (a) and of |Ss| and 75 (b), where o2, is the

variance when the parameters assume their fit values.
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