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Kerr rotation in Cu, Ag, and Au driven by spin accumulation and spin-orbit coupling
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We measure transient spin accumulation in Cu, Ag, and Au by time-resolved magneto-optical Kerr effect.
The transient spin current is generated by ultrafast demagnetization of a ferromagnetic [Co/Pt] layer, and spin
accumulates in an adjacent normal metal, Cu, Ag, or Au by spin diffusion. The magnitude of the Kerr rotation is
described by an off-diagonal conductivity tensor that is proportional to spin accumulation and spin-orbit coupling.
From comparisons between observed Kerr rotations and calculated spin accumulations, we determine the strength
of spin-orbit coupling of conduction electrons in Cu, Ag, and Au to be 0.02, 0.01, and 0.12 eV, respectively.
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I. INTRODUCTION

In metallic spintronic devices, spin injection from a fer-
romagnet (FM) to a nonmagnetic metal (NM) is a central
issue. Experimental investigations of the spin injection require
a method to generate spin current from FM and detect spin
accumulation in NM. The generation of spin currents has been
achieved by passing charge currents through FM [1,2], by
passing heat currents through FM [3], by spin pumping [4], and
by spin Hall effect [5]. These methods operate on time scales
that are long compared to the time scales of spin relaxation
and spin diffusion; therefore, the spin currents generated by
these methods are essentially in steady state.

Spin accumulation in NM can be detected electrically
using a second FM [1,2] or via the inverse spin Hall effect [6].
Recently, optical detection of spin accumulation in NM has
been reported [7,8]. Fohr et al. used Brillouin light scattering
to measure stationary spin accumulation in NM produced
by spin pumping [7]. Melnikov et al. used the polarization
of optical second harmonic generation to measure transient
spin accumulation in Au and interpreted the results in terms
of spin-dependent transport of hot carriers [8]. In Ref. [§]
the constant of proportionality that relates the rotation of
polarization and spin accumulation was not studied by either
experiment or theory.

Previously we have shown ultrafast demagnetization pro-
duces transient spin accumulation in Cu, and spin accumu-
lation can be detected by the linear magneto-optical Kerr
effect (MOKE) [9]. Here we extend our work to Ag and
Au and develop a model that predicts the magnitude of the
Kerr rotation in terms of the strength of spin-orbit coupling.
MOKE is conventionally applied to studies of metallic FM
and semiconductors. Our results show that spin accumulation
in NM also produces a useful MOKE signal that has its origin
in spin-orbit coupling.

II. EXPERIMENTAL DETAILS

We  prepared FM/NM  structure of  sapphire
substrate/Pt(20)/FM(6)/NM(h) (unitinnm). The FM is
a [Co/Pt] multilayer with perpendicular magnetization
{[Co(0.4)/Pt(1)]x4/Co0(0.4)}, and the NM layer is Cu, Ag,
or Au. Depending on thickness of NM, we refer to these
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samples as the Cu-h, Ag-h, or Au-h sample. Metal layers are
deposited by magnetron sputter at the University of Illinois
(UIUC). For Cu and Ag samples, we deposit a thin topcoat
of SiO; by e-beam evaporation to protect Cu and Ag from
oxidation or corrosion by sulfides.

The magnetic properties of the [Co/Pt] layer were char-
acterized with a vibrating sample magnetometer by our
colleagues at Korea Institute of Science and Technology
(KIST): the saturation magnetization is 4 x 10° Am~!, the
coercivity is 0.09T, and the remanence is close to one.
Electrical conductivities of the Pt, [Co/Pt], Cu, Ag, and Au
layers are measured using a four-point probe with separately
prepared samples {sapphire/Pt(100),sapphire/Pt(2)/[Co(0.4)
/Pt(1)]x15/Pt(1), sapphire/Cu(100), sapphire/Ag(100), and
sapphire/Au(100)} and are summarized in Table L.

We use time-resolved polar MOKE to detect the transient
spin accumulation in the direction normal to the film. The light
wavelength is 785 nm, and the full-width-at-half-maximum
of the pump and probe are ~0.8 and =~ 0.3 ps, respectively.
The incident pump fluence is 10.6 J m~2; the absorbed fluence
is 3.7Jm~2. A perpendicular magnetic field of £0.3 T was
applied to samples before MOKE measurement to set the
[Co/Pt] magnetization to £z direction. All measurements are
done at room temperature without magnetic field.

III. RESULTS AND DISCUSSION

We use ultrafast demagnetization of [Co/Pt] as the source
of spin currents [9]. When both pump and probe beams are in-
cident on the Pt side of the samples, we observe a rapid demag-
netization of [Co/Pt] on a subpicosecond time scale followed
by a slow recovery. By comparing the transient Kerr rotation
(AM) and static Kerr rotation (M), we determine the peak
AM/M : 0.25 £ 0.04, 0.25 + 0.04, and 0.28 % 0.04, for Cu,
Ag, and Au samples, respectively. Therefore, to within
experimental uncertainties, the peak change in magnetization
is independent of the composition of the NM layer. (The rate
of recovery of magnetization is reduced in the Au sample
because Au has weaker electron-phonon coupling than Cu or
Ag.) The demagnetization data are also independent of the NM
thickness. Previously we showed that rapid demagnetization
generates spin currents by electron-magnon coupling within
[Co/Pt]; the spin generation rate is the negative of the
demagnetization rate —dM /dt [9]. The —dM /dt is nearly
the same for Cu, Ag, and Au samples [Fig. 1(b)].
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TABLE 1. Parameters for the spin diffusion calculation in Fig. 3:
o is the in-plane electrical conductivity, N is the electronic density
of states at the Fermi level, D is the diffusion constant, and tg is the
spin relaxation time.

Pt [Co/Pt] Cu Ag Au

o (107 Q 'm™) 0.6 0.2¢ 3.9° 38 270
N (10737 'm=3) 1148  11.16° 155> 099°  1.08"
D (103 m2s~ 1) 0.21 0.074 9.8 15 9.8
75 (ps) 0.3 0.01 16 1.5 0.4

2Obtained from four-point probe measurement.
Obtained from the electronic heat capacity of Ref. [11].

Spin generated in [Co/Pt] accumulates in NM via spin
diffusion [9]. In Fig. 2 we plot time-resolved measurements of
the spin accumulation in NM by probing Kerr rotation at the
surface of NM; the probe beam is incident on the Cu, Ag, or
Au side of the samples while the pump beam is incident on the
Pt side of the samples. The Kerr rotation changes sign when
the [Co/Pt] magnetization is changed from the +z to the —z
direction and closely resembles the rate of change of magne-
tization plotted in Fig. 1(b). At a NM thickness of 100 nm,
the peak Kerr rotation is the highest in Au, but it decreases
more quickly with thickness than Cu and Ag. {While the Kerr
rotation directly generated by demagnetization of [Co/Pt] is
negligible on the NM side of the Cu-100 and Ag-100 samples,
it has a small contribution to the Kerr rotation in the Au-100
sample. We subtracted the expected demagnetization signal
from the Kerr rotation of the Au-100 sample to get the true
spin accumulation signal (see Appendix A).}

Following our previous work [9], we quantify the spin
accumulation by solving the spin diffusion equation [10]

dus _ us  ps
ot 072 75~

ey

where s = w4 — py is the spin chemical potential, D is the
spin diffusion constant, and tg is the spin relaxation time. The
D of Pt, [Co/Pt], Cu, and Au are calculated by D = ﬁ,
where o is the electrical conductivity and N is the density of
states at the Fermi level, Ny = %, where y is the electronic
heat capacity coefficient [11] and k is the Boltzmann constant.

The tg is related to the spin diffusion length Ig, 75 = %. The
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FIG. 1. (Color online) (a) Demagnetization data measured on the
Pt side of the Cu-100 (black squares), Ag-100 (red circles), and Au-
100 (blue triangles) samples. (b) The —d M /dt of the Cu-100 (black
squares), Ag-100 (red circles), and Au-100 (blue triangles) samples.
Data are obtained by multiplying the saturation magnetization 4 x
10° Am~! by numerical differention of (a).
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Is values at room temperature are reported to be 7-10 nm for
Pt [12,13], 350-500 nm for Cu [2,14], 150 nm for Ag [15], and
60 nm for Au [14]. Assuming /g of 8, 400, 150, and 60 nm, we
obtain g of 0.3, 16, 1.5, and 0.4 ps for Pt, Cu, Ag, and Au,
respectively.

The tg of the FM is a critical parameter in the modeling.
In our prior work we studied the spin transfer torque in a Pt
(30)/[Co/Pt/Co/Ni] (6.4)/Cu (10)/CoFeB (2) sample grown
at KIST [9]. A spin diffusion simulation with g = 0.05 ps
for [Co/Pt/Co/Ni], estimated from the theory of Elliot-Yafet,
was in good agreement with the measured spin transfer
torque [9] but with some discrepancy. To better constrain g,
we re-analyzed the spin transfer torque measurement [9] with
s as a free parameter and find 7s = 0.02 ps of [Co/Pt/Co/Ni]
produces the best fit between the measurement and the model
(see Appendix B).

Comparison of the Kerr rotation of Cu samples with a FM
layer of [Co/Pt/Co/Ni] (grown at KIST) and Cu samples
with a FM layer of [Co/Pt] (grown at UIUC) shows that the
Kerr rotation is approximately two times larger with the KIST
[Co/Pt/Co/Ni] FM layer than the UIUC [Co/Pt] FM layer
(see Appendix B). As we discuss in more detail below, spin
accumulation in Cu is approximately proportional to g of
the FM. Therefore, we determine tg = 0.01 ps for the UTUC
[Co/Pt] FM layers. We expect this small 7g of [Co/Pt] is due to
multiple interfaces between Co and Pt. Recently, the interface
spin-flipping parameter § at the Co/Pt interface was reported
to be 0.9703, which leads to the spin-flipping probability of

0.610% at the interface by P = 1 — exp(—3) [16]. Values of D
and tg of each layer are summarized in Table L.

We solve the coupled diffusion equations for
Cu-h, Ag-h, and Au-h samples by equating ugs at interfaces
and setting the spin generation rate of [Co/Pt] to be —dM /dt.
The predicted spin accumulation ng, pus = 21'\1,—‘;, at the
surface of NM is shown in Fig. 3. The calculation is in good
agreement with the positions of the positive-negative peaks
and the thickness dependence. At the same NM thickness, the
spin accumulation is the largest in Cu because of its relatively
long /s and large Np.

The thickness dependence of the Kerr rotation can be
explained with Ig of NM. While it has a weak dependence
on the thickness in Cu and Ag, spin accumulation shows a
much stronger dependence on the Au thickness due to the
short Ig (Fig. 4). From the thickness dependence of the peak
Kerr rotation in Au, we determine /s = 60 £ 10 nm, which
leads to s = 0.4 £ 0.1 ps. Melnikov et al. observed a spin
signal in Fe/Au structures and interpreted their data using a
model based on ballistic transport of hot carriers [8]. From
this analysis, the authors of Ref. [8] obtained a hot-carrier
s = 1.2ps for Au [8]. Our result of g = 0.4 ps, obtained
from diffusive transport, is an important point of comparison
with Ref. [8].

The g of each layer has a different effect on spin
accumulation in NM. The 75 of Pt does not affect the spin
accumulation in NM because the low diffusivity of [Co/Pt]
essentially decouples Pt from NM. The s of [Co/Pt] has
a dominant role in the spin accumulation in NM as it is the
smallest time scale: spin accumulation in NM is approximately
proportional to the ts of [Co/Pt]. At the NM thickness of
100nm, the 7s of Cu or Ag has little effect on the spin
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FIG. 2. (Color online) The Kerr rotations measured on the NM side of the (a) Cu-#h, (b) Ag-h, and (c) Au-h samples: black squares, red
circles, and blue triangles are for NM thickness of 100, 150, and 200 nm, respectively.

accumulation due to relatively long tg, while the 7g of Au has
a significant effect (see Appendix B). Therefore, the important
parameters are ts of [Co/Pt] (grown at UIUC) and Au, which
are determined experimentally to be 0.01 and 0.4 ps.

The polar Kerr rotation of cubic metals driven by a magnetic
perturbation can be expressed as [17,18]

Exy Oxy
9]( =

(8):): - 1)\/ Exx Oxx 1 —+ Lgo—xx
) ey

where ¢;; is the complex dielectric tensor and o;; is the complex
conductivity tensor, which are related by &;; = §;; + w;sooi-f’
&o is the vacuum permittivity, and o is the light frequency.
The conductivity tensor has contributions from interband
and intraband transitions. Because our photon energy (hw =
1.58 eV) cannot reach the d bands of Cu, Ag, or Au which lie
>2 eV below the Fermi level, we assume that only intraband
transitions contribute to the Kerr rotation.

The conventional way to describe intraband transition is the
Drude model. Within the assumptions of the Drude model, the
diagonal and off-diagonal conductivity tensors are

2, 1/t —iw)
Oxx = @ ~
P/ — i) + o

2
A —<@> gowc, (4)
w

. 2 .
where wp is the plasma frequency, wp = ,/ n’;‘fm, n is electron

concentration, e is electron charge, m* is effective mass, and

wc is the cyclotron frequency, wc = %, and B is the magnetic

field. Taking n from the free electron model and m* from
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Ref. [19] (n = 8.45 x 10%,5.85 x 10?%, and 5.9 x 10 m~—3
for Cu, Ag, and Au, respectively, and m* = 1.5 m, for Cu and
m* = m. for Ag and Au, where m. is the electron rest mass),
hwp is 8.8, 9.0, and 9.0eV for Cu, Ag, and Au, respectively.
The approximation on the right-hand side of the equation is
the limit of w > 1/7 and w > wc.

Kerr rotation of nonmagnetic metals (Al, Cu, Ag, and
Au) has been investigated by applying a static magnetic
field [17,18] and explained by wc. Although a magnetic field
can also produce spin accumulation by splitting the energy
of spin subbands, the wc term dominates the measured Kerr
rotation in noble metals.

Elezzabi et al. reported the Kerr rotation of a Au film
induced by a transient magnetic field with a picosecond rise
time [20]. They interpreted the Kerr rotation as a result of
the magnetic field driven spin accumulation and obtained
75 &~ 45 ps from the time delay between magnetic field and
Kerr rotation. We argue, however, that the Kerr rotation
observed in Ref. [20] has significant contribution from wc.
Substituting (3) and (4) into (2), the magnetic field driven Kerr
rotation is

&)

O =i

The peak magnetic field of 50 mT of Ref. [20] produces
hwe =~ 6 x 107%eV. Using hwp = 9.0 eV, the Kerr rotation is
~(.7 prad, which is comparable to the observation of 0.45 purad
of Ref. [20]. Furthermore, s & 45 ps is inconsistent with a Ig
of 60 nm of Au.

In materials such as TmS, TmSe, and Gd, it has been
reported that the magnetic field driven Kerr rotation can have
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FIG. 3. (Color online) The calculated spin accumulations at the NM surface of the (a) Cu-A, (b) Ag-h, and (c) Au-h samples: black, red,
and blue lines are for NM thickness of 100, 150, and 200 nm, respectively.
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FIG. 4. (Color online) The dependence of the peak spin accumulation on the (a) Cu, (b) Ag, and (c) Au thicknesses. (a) Black
circles are experimental data from Fig. 2(a) and solid lines are from calculation [black, red, and blue lines are for /s of Cu of
300 (ts = 9ps), 400 (rs = 16 ps), and 500 (rs = 26 ps) nm, respectively]. (b) Black circles are experimental data from Fig. 2(b); solid lines
are from calculation [black, red, and blue lines are for /5 of Ag of 100 (zs = 0.7 ps), 150 (ts = 1.5 ps), and 200 (s = 2.7 ps) nm, respectively].
(c) Black circles are experimental data from Fig. 2(c); solid lines are from calculation [black, red, and blue lines are for /s of Au of

50 (s = 0.3 ps), 60 (ts = 0.4 ps), and 70 (s = 0.5 ps) nm, respectively].

a significant contribution from spin accumulation [21-23].
However, in noble metals, the magnetic field driven Kerr
rotation mostly comes from wc. Since we produce spin
accumulation from demagnetization of a ferromagnet without
a magnetic field, spin accumulation should be the only source
of Kerr rotation in our experiments. We find no Kerr rotation
in a control sample of Pt/Au (without [Co/Pt]), in which there
is no demagnetization-induced spin accumulation.

Kerr rotation driven by spin accumulation can be described
by skew scattering theory [21-23]. The contribution of spin
accumulation to the off-diagonal conductivity tensor is

i I/ZT —I’li 2 Q _ ﬁ
Ux)’ - nT +nl (wPSO)[(l/T _la))2+g22 evp
io(l/t —iw)
x<1 (1/r—iw)2+§22>:|’ (6)

where €2 is the skew scattering frequency, Py is the maximum
macroscopic dipole moment, and v is the Fermi velocity. The
first term in the square bracket was used to explain the Kerr
rotation of TmS and TmSe [22], and the second term was used
to explain the Kerr rotation of Gd [21]. When w > 1/7 and
o > 2, the first term in the square bracket gives a mostly real
contribution to A ; the second term gives a mostly imaginary
contribution to f . In our experiments, the imaginary part of G
is a factor of >5 smaller than the real part and we conclude that
the first term is dominant over the second term. Substituting
(6) into (2), and taking the limit w > 1/t and w > 9,

~ gy —ny [ 1 ny—ny [ Q
Ok =i = A =) o
ny+n;\o 1—‘“—‘2’ ny +n, \ wp
2

[0}

We determine Q2 for Cu, Ag, and Au by comparing
the measured Kerr rotations (Fig. 2) and calculated spin
accumulations (Fig. 3) for the Cu-100, Ag-100, and Au-100
samples. With ny —n| from the peak spin accumulation in
Fig. 3 divided by the Bohr magneton and ny + n from the
free electron model, % are 1.35 x 1074, 1.26 x 10, and

0.64 x 10~* for Cu-100, Ag-100, and Au-100, respectively.
By comparing the experimental Kerr rotation with Eq. (7),

we find A2 = 0.02, 0.01, and 0.12eV for Cu, Ag, and Au,
respectively.

We equate h£2 with the strength of spin-orbit coupling in the
conduction band. The atomic spin-orbit splittings are 0.25 eV
for Cu3d, 0.03eV for Cu4dp, 0.55eV for Ag4d,0.11eV for
Ag5p, 1.52¢eV for AuSd, and 0.47 eV for Au6p [24], which
are much larger than our values of 2. We speculate that the
small values of A£2 in our experiments can be attributed to the
fact that the conduction band has mostly s character and that
the spin-orbit coupling we observe is generated by weak s-d
or s-p hybridization. It is surprising that 42 of Ag is smaller
than Cu despite larger atomic spin-orbit splitting. We speculate
that the small 2<2 of Ag is due to the fact that the d band of
Ag lies &4 eV below the Fermi level, a factor of =2 larger
than Cu and Au. We also perform identical experiments with a
Pt (20)/[Co/Pt] (6)/Al (100) sample and find no Kerr rotation
presumably due to extremely small spin-orbit coupling in Al.

We note that an energy splitting of 0.11 eV for the surface
states of Au (111) has been reported using photoemission
spectra and interpreted as a result of spin-orbit coupling due
to s-p hybridization of the surface state [25]. Photoemission
spectra were unable to resolve the energy splitting of Cu
(111) or Ag (111) surface states [26]; theory predicts orders
of magnitude smaller values of the splitting for Cu(111) or
Ag(111) than Au (111) [27]. We also discuss other possible
mechanisms in Appendix C.

IV. CONCLUSION

In summary, we achieve optical detection of spin accu-
mulation in Cu, Ag, and Au on subpicosecond time scales.
The magnitude of spin signal is described by the product of
spin accumulation and spin-orbit coupling. Our results provide
a direct measurement of spin-orbit coupling of conduction
electrons in Cu, Ag, and Au.
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0.8l i i i i i i ] demagnetization signal from the raw data with a scaling factor
5 Raw data set by assuming that the negative offset of the raw data at 10 ps

L& is due to ABpemag (Fig. 5).

04} 1

APPENDIX B: DETERMINATION OF 75 Of [Co/Pt]

A, (urad)

In our previous work, we presented spin transfer torque
(STT) results for a sapphire substrate/Pt(30)/[Co/Pt/Co/
Ni] (6.4)/Cu(10)/CoFeB(2)/MgO(10)/Al,03(5) (unitin nm),
sample grown at KIST, where [Co/Pt/Co/Ni] represents
4 _'2 O 2 4 6 8 10 [Co(0.4)/Pt(1)]xa/C0(0.2)/Ni(0.4)/Co(0.2) [9]. Due to spin

Time delay (ps) current generated by demagnetization of the [Co/Pt/Co/Ni]
layer, STT tilts the CoFeB magnetization and leads to

FIG. 5. (Color online) The raw Kerr rotation measured on the Au subseguent precession of the I.nagnetization.. In Ref. [9] Fhe
side of the Au-100 sample (black squares) and the demagnetization amplitude of the CoFeB precession was explained by assuming

signal (red circles), which is scaled to match the Kerr rotationat 10ps. @ value for the spin relaxation time of [Co/Pt/Co/Ni] (ts =
The A6 by spin accumulation of the Au-100 sample in Fig. 2(c)is  0.05 ps) derived from the theory of Elliot-Yafet [28,29].

obtained by subtracting the demagnetization signal from the raw Kerr To obtain more accurate value of tg, we use 75 as
rotation. a free parameter in the analysis of the STT experiment

described in Ref. [9]. The precession amplitude of the CoFeB
magnetization is determined by the spin current (Js) that is
absorbed by CoFeB. We calculate Jg by solving spin diffusion
equation (1) with a boundary condition of s = 0inthe CoFeB

C. H. Moon, B. C. Min (KIST), and K. J. Lee (Korea
University) for measurements of magnetic properties and

discussions. . .
layer. We find from our models that Jg is proportional to tg of
[Co/Pt].
APPENDIX A: SUBTRACTION OF DEMAGNETIZATION We also include finite spin conductances at FM/NM

For TR-MOKE measurements from the NM side of  interfaces because the interfacial spin conductance becomes
samples, the Kerr rotation generated by directly by the dominant over the bulk diffusivity when the thickness of the Cu

demagnetization of [Co/Pt] decreases exponentially with layer is 10 nm. For the longitudinal component, the spin con-

increasing NM layer thickness, ductance is %, and for the transverse component the spin
dich conductance is @, where G4 | is the conductance of the
AbOpemag X €Xp (— . ) ) (Al)  spinup/downand G, is the spin mixing conductance [30]. We

use the longitudinal spin conductance at Pt/[Co/Pt/Co/Ni]
where « is the extinction coefficient of NM, 4 is the thickness and [Co/Pt/Co/Ni]/Cu interfaces and the transverse spin
of NM, and A is the wavelength of light. At a NM thickness conductance at Cu/CoFeB interface. The electrical conduc-
of 100nm, Afpemag is much smaller than A6 created by tance G, + G at the Co/Cu interface has been reported
spin accumulation in the Cu-100 and Ag-100 samples, but  to be 0.75 x 10> Q~' m2 from theoretical calculation [31]
Abfpemag 1 not negligible in the Au-100 sample due to smaller and 2 x 10° @ 'm~2 from experimental measurement [32].
« and uncertainty in thickness: From the light transmission and Since the Co layer at Co/Cu interface is very thin, 0.2 nm,
ellipsometry measurements we determine the x tobe 5.6 £ 0.3 we expect the adjacent layer Ni also affects the electri-
and 4.9 £ 0.3 for Cu and Au, respectively; the uncertainty cal conductance of at the Co/Cu interface: Experimentally
of thickness of NM is =10%. To extract Af due only to measured electric conductance is 5.6 x 10 Q~'m™? for
spin accumulation from the data, we subtract the residual the Ni/Cu interface [33]. Considering these values, we use

(a) 6 (b) 2
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FIG. 6. The STT result with the [Co/Pt/Co/Ni] layer, grown at KIST. (a) The —d M /dt of [Co/Pt/Co/Ni] (black circles), obtained from
the demagnetization data of Ref. [9]. Solid line is a fit to a Gaussian function. (b) The calculated spin current that is absorbed by the CoFeB
layer in the Pt (30)/[Co/Pt/Co/Ni] (6.4)/Cu (10)/CoFeB (2) (unit in nm) sample with g = 0.02 ps of [Co/Pt/Co/Ni]. (c) The precession data
(black circles) and simulation result (solid lines) of the CoFeB precession of the Pt (30)/[Co/Pt/Co/Ni] (6.4)/Cu (10)/CoFeB (2) sample: the
data are taken from Ref. [9]; the simulation is based on Eq. (B1) with an input spin current of (b).
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FIG. 7. (Color online) The comparison of the spin accumulation
data of [Co/Pt/Co/Ni], grown at KIST, and [Co/Pt], grown at
UIUC. (a) The Kerr rotation measured on the Cu side of the
Pt (30)/[Co/Pt/Co/Ni] (6.4)/Cu (80) (unit in nm) sample (black
squares): The A by spin accumulation (blue triangles) is obtained
by subtracting the demagnetization signal (red circles) from the raw
Kerr rotation. (b) The Kerr rotation measured on the Cu side of the
Pt (30)/[Co/Pt] (6)/Cu (100) (unit in nm) sample (black circles). All
data are taken from Ref. [9].

Gy + G, of 3x10°Q'm™2 for the [Co/Pt/Co/Ni]/Cu
interface. For the Pt/Co interface, experimentally measured
electric conductance is 1.2 x 10" Q~! m~? [34]. Considering
the small thickness of Co adjacent to Pt, we use 1.5 x
105 Q' m~2 for the Pt/[Co/Pt/Co/Ni] interface. For the
Cu/CoFeB interface we use Gy, of 0.56 x 10" Q™ 'm™2
from theoretical calculation for the Co/Cu interface [31]. In
Fig. 6(b) we calculate Js with these spin conductances and tg
of 0.02 ps for [Co/Pt/Co/Ni].

With Js as an input, we perform magnetization dynam-
ics simulations for CoFeB with the Landau-Lifshitz-Gilbert
equation incorporating STT [35],

J
m = —ym X He + am x m + 5 mx (M X Myiyeq),
Msh
(BD)

where m and mgyq are unit vectors in the direction of the
CoFeB and [Co/Pt/Co/Ni] magnetizations, m is the time
derivative of m, Ms = 1.2 x 10° Am~! and # = 2 nm are the
saturation magnetization and thickness of the CoFeB layer,
Hir is the effective field due to applied field of 0.045T
and shape anisotropy of CoFeB, y is the gyromagnetic ratio,
a = 0.02 is the Gilbert damping constant of CoFeB, and Jg is
the spin current. The tg of [Co/Pt/Co/Ni] determines Jg, and
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Js determines the precession amplitude of CoFeB. From the
fitting of the measured CoFeB precession with Eq. (B1), we
determine tg of [Co/Pt/Co/Ni] to be 0.02 ps [Fig. 6(c)].

The fit depends on the choices of spin conductances
at FM/NM interfaces. When we reduce G4+ G, of
the [Co/Pt/Co/Ni]/Cu interface to 0.75 x 10" Q~'m~2,
the value we used in Ref. [9], the best fit is 15 =
0.03ps for [Co/Pt/Co/Ni]. (The spin conductance of the
Pt/[Co/Pt/Co/Ni] does not affect the fitting because the low
diffusivity of [Co/Pt/Co/Ni] nearly decouples spin current
that flows into Pt from the spin current that flows into Cu. For
the Cu/CoFeB interface we cannot estimate the uncertainty in
the spin conductance due to the lack of experimental reports
of G4, but the single theoretical calculation of Ref. [31].)

In Ref. [9] we showed spin accumulation data for two differ-
ent structures: sample 1 is the sapphire substrate/Pt(30)/[Co/
Pt/Co/Ni] (6.4)/Cu(80)/MgO(10)/Al,03(5) (unit in nm),
grown at KIST; sample 2 is the sapphire substrate/Pt(30)/
[Co/Pt](6)/Cu(100)/SiO5(10) (unit in nm), grown at
UIUC: [Co/Pt/Co/Ni] represents [Co(0.4)/Pt(1)]xa/Co0(0.2)/
Ni(0.4)/Co(0.2) and [Co/Pt] represents [Co(0.4)/Pt(1)]x4/
Co(0.4). For sample 1, Afpemag is not negligible because
Cu 80nm is not thick enough to completely suppress the
demagnetization signal. To derive the contribution to A6
produced by spin accumulation of sample 1, we subtract the
residual demagnetization signal from the raw data [Fig. 7(a)].
Given the same —dM /dt, the A6 by spin accumulation of
sample 2 is approximately a factor of 2 smaller than that of
sample 1 [Fig. 7(b)].

The spin accumulation in Cu at the thickness of ~100 nm
is proportional to tg of [Co/Pt], while tg of Pt and Cu does not
affect the spin accumulation significantly (Fig. 8). From this
proportionality and ts = 0.02ps of [Co/Pt/Co/Ni] (grown
at KIST), we determine tg of [Co/Pt] (grown at UIUC) to be
0.01 ps. Table IT summarizes the peak A6 by spin accumulation
and the associated tg of different sample structures.

APPENDIX C: OTHER POSSIBLE MECHANISMS

Ultrafast demagnetization generates THz electric
fields [36]. We rule out any contribution from THz generation
in our measurements for two reasons. First, THz radiation is
proportional to the second time derivative of magnetization

200 ‘ ‘
(a) (b) (c)
e
< 100
s
<
0 ! ! ! ! !
0.0 0.2 0.4 0.6 0.00 0.01 002 0 10 20 30

T4 of Pt (ps)

14 of [Co/Pt] (ps)

14 of Cu (ps)

FIG. 8. The dependence of the spin accumulation on the spin relaxation time of Pt, [Co/Pt], and Cu in the Pt (20)/[Co/Pt] (6)/Cu (100)
(unit in nm) structure. (a) The tg of Pt is varied from 0 to 0.6 ps while tg of [Co/Pt] and Cu are fixed at 0.01 and 16 ps, respectively. (b) The g
of [Co/Pt] is varied from 0 to 0.02 ps while ts of Pt and Cu are fixed at 0.3 and 16 ps, respectively. (c¢) The 75 of Cu is varied from 0 to 30 ps

while tg of Pt and [Co/Pt] are fixed at 0.3 and 0.01 ps, respectively.
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TABLE II. Comparison of spin accumulation of different
sample structures: AM/M is the peak demagnetization of FM
([Co/Pt/Co/Ni] or [Co/Pt]), Abx is the peak Kerr rotation on Cu,
and ts is the spin relaxation time of FM. Data of samples 1 and 2 are
taken from Ref. [9] and data of sample 3 are taken from Fig. 2(a).
Sample 1 is grown at KIST and samples 2 and 3 are grown at UITUC.

AM/M Afg (urad) Ts(ps)
Sample 1* 0.08 0.18 (0.25°) 0.02
Sample 2° 0.08 0.11 0.01
Sample 3¢ 0.25 0.36 0.01

2Pt(30)/[Co(0.4) /Pt(1)]x4/Co0(0.2)/Ni(0.4)/Co(0.2) /Cu(80)
(unit in nm).

Value after subtracting demagnetization signal from raw data.
°Pt(30)/[Co(0.4) /Pt(1)]«4/C0(0.4)/Cu(100) (unitin nm).
4Pt(20)/[Co(0.4) /Pt(1)] .4/Co(0.4)/Cu(100) (unit in nm).

PHYSICAL REVIEW B 90, 214432 (2014)

while our result of the Kerr rotation is explained by the first
time derivative of magnetization (Figs. 2 and 3). Second, THz
radiation should not produce the time delays and broadenings
of the signal that we observe in our data within increasing
thickness of NM layers.

Ultrafast demagnetization can also produce eddy currents
in metallic ferromagnetic layers. We rule out any contribution
from eddy currents in our measurements for two reasons. First,
ifeddy currents are adominant mechanism for the Kerr rotation
measured on Cu, Ag, and Au, the Kerr rotation should be
nearly the same for Cu, Ag, and Au because the electrical
conductivities are similar for our Cu, Ag, and Au samples.
The measured Kerr rotations of Ag and Au differ by nearly
one order of magnitude (Fig. 2). Second, the dependence of
the Kerr rotation on the thickness of Cu, Ag, and Au is well
explained by spin relaxation lengths of Cu, Ag, and Au that
are consistent with reported values (Fig. 4).
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