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The line width of the ferromagnetic resonance (FMR) spectrum of Cu/CoFeB/Cu/Co/Cu is studied. Analyzing the FMR spectrum by
the theory of spin pumping, we determined the penetration depth of the transverse spin current in the Co layer. The obtained penetration

depth of Co is 1.7 nm.

Index Terms—Ferromagnetic resonance, spin pumping, transverse spin current, Gilbert damping.

1. INTRODUCTION

HERE is great interest in the field of current-driven mag-
T netization dynamics (CDMD) because of its potential ap-
plications to non-volatile magnetic random access memory and
microwave devices. The concept of CDMD was first proposed
by Slonczewski [1] and independently by Berger [2] in 1996.
In the last decade, many experimental studies have shown the
evidences of CDMD [3], [4].

Theoretical studies of CDMD have also been developed
[5], [6]. The origin of the CDMD has been understood as the
transfer of spin angular momentum of the conducting electrons
to the magnetization of the ferromagnetic metal. One of the
most important quantities in CDMD is the penetration depth of
the transverse (perpendicular to the magnetization) spin current
A¢, over which the transfer of spin angular momentum is
achieved. However, there is a controversial issue regarding the
penetration depth of the transverse spin current. The ballistic
theory of electron transport argues that A is on the order of
the lattice constant in conventional ferromagnets such as Fe,
Co and Ni, and their alloys [7], [8]. On the other hand, the
Boltzmann theory of electron transport argues that ) is on the
order of a few nm [9]-[11]. However, only a few experimental
measurements of the penetration depth has been reported [12],
[13].

In our previous paper [14], we studied the line width
of the ferromagnetic resonance (FMR) spectrum in a fer-
romagnetic(F)/nonmagnetic(N) metal five-layer system
(N1/F1/No/F5/N3), and showed that the line width of
the F; layer depends on the thickness of the Fy layer due to
spin pumping [15], [16]. Analyzing the FMR spectrum, the
penetration depth of the transverse spin current of NiFe, CoFe
and CoFeB were obtained [14]. Our result seems to support
the Boltzmann theory of electron transport. However, we
cannot compare our results with the results of [9]-[11] directly
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since only the penetration depth of Co is studied in [9]-[11].
In this paper, we study the line width of FMR spectrum of
Cu/CoFeB/Cu/Co/Cu five-layer system, and determine the
penetration depth of Co. The obtained penetration depth of Co,
1.7 nm, has good agreement with the results of [9]-[11].

II. THEORY

Spin pumping [15], [16] is, in some sense, the reverse process
of CDMD, where the precession of the magnetization in the fer-
romagnetic layer generates spin current flowing into the adja-
cent layers. In a ferromagnetic/nonmagnetic metal multi-layer
system the Gilbert damping constant of the ferromagnetic layer
is enhanced due to spin pumping. Analyzing the dependence of
the Gilbert damping on the thickness of the nonmagnetic layer
the spin diffusion length, i.e., the penetration depth of spin cur-
rent in the nonmagnetic layer is determined.

The penetration depth of the transverse spin current of a fer-
romagnetic metal, \¢, is also determined in a similar way. Let
us consider Ny /F1/No/Fo /N3 metal five-layer system shown
in Fig. 1, where my(k=1, 2) is the unit vector along the mag-
netization of the k-th ferromagnetic layer. The magnetization
of the F'; layer (m;) is in resonance with the oscillating mag-
netic field, and pumps spin current IP*™P flowing into the other
layers. The precession axis of m; is along the direction of the
magnetization of the Fy layer (mjy). Since the magnetization
vector of IP"™P ig perpendicular to m; [14] and the precession
angle 6 is very small (about 1 deg), the dominant component
of the magnetization vector of spin current flowing into the F
layer is perpendicular to ms, i.e., the dominant component of
the spin current flowing into the F'» layer is the transverse spin
current. Thus, analyzing the dependence of the FMR spectrum
of the F; layer on the thickness of the Fy layer, the penetra-
tion depth of the transverse spin current of the F, layer can be
determined. However, the conventional theory of spin pumping
assumes that the penetration depth of the transverse spin current
is zero. Thus, we need to extend the theory of spin pumping by
taking into account the finite penetration depth [14]. The spin
current pumped from the F; layer is given by [15]

amp_ B[ 11
1= (ol x St ol S
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where 7 is the Dirac constant and glé) is the real (imaginary)
part of the mixing conductance. The pumped spin current cre-
ates spin accumulation in the other layers. The spin accumula-
tion is given by

. / deTr[6 f] @

where & is the Pauli matrix and f is the non-equilibrium distri-
bution matrix in spin space. In general, the distribution matrix of
a ferromagnetic layer fF, is given by fF = fol—i— f-m-a+4f.t;-
6+ fyta-0, where 1is the 2 x 2 unit matrix, fo=(f1+f1)/2is
the non-equilibrium charge distribution and f, = (fT—f!)/2 is
the difference in non-equilibrium distribution between spin-up
(f1) and spin-down (f!) electrons. (t;,t2, m) is a set of or-
thogonal unit vectors in spin space where m is the unit vector
parallel to the magnetization vector. f, and f, are the non-equi-
librium distribution of the transverse spin components. Spin ac-
cumulation in a nonmagnetic layer is defined in a similar way.

The spin accumulation induces a backflow of spin current.
The backflow of spin current flowing from the N; layer to the
F} layer is expressed in terms of the spin accumulation as

INi_’Flc
1 [ 2008 9}
_ (FA) (Fk) {m (

=i BN, — Hp,)my

q(m) + 95,

+ qr(Fk)mk X (I"Ni X mk) + giT(le)IlfNi X my

tl(le)mk X (pp, X my) — tiT(lFA,)IlrFk X mk] (3)

where py, and py, are the spin accumulation of the N; and
the F, layer, respectively. ¢'T(‘) is the spin-up (spin-down)
conductance and tl(li) is the real (imaginary) part of the trans-
mission mixing conductance defined at the F/N interface. In the
conventional theory of spin pumping, the penetration depth of
the transverse spin current is assumed to be zero, and the last
two terms in (3) is neglected [8].

The spin current given by (1) and (3) satisfies the boundary
conditions of the continuity of the spin current. In general, the
current operator in spin space is given by [9]

T= ¢ Ox Daa: @
where e(> 0) is the absolute value of electron charge and V'
is the applied voltage. Since we are interested in the FMR line
width, we assume V' = 0. C , D and # are the 2 X 2 matrices rep-
resenting the conductivity, the diffusion constant and the density
of the non-equilibrium electron, respectively. The conductivity
and the diffusion constant are expressed as C' = Co(1 + fm - &)
and D= Dy(14 f'm-&), where Co=(0'40+)/2, Do=(D1+
DY) /2, 8=(c"=ct)/(cT+0}) and ' = (DT—D')/(DT+D*).
o) and DT are the conductivity and the diffusion constant
of spin-up (spin-down) electrons, respectively. 3 and (3’ are the
polarization of the spin dependent conductivity and diffusion
constant, respectively. The conductivity and the diffusion con-
stant satisfy the Einstein relation C = e2ND, where N is the
density of states. For simplicity, we assume that 3=(' in this
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paper. The distribution f and the density 7 are related with each
other via

Tr[6h] = / deRe[Tx[o N fI]. )

The spin current is given by I, = (1.S/2)Re[Tr[67]], where S is
the cross section area. Using (2), (4) and (5), the spin current I
is expressed in terms of spin accumulation g. The spin current
in a nonmagnetic metal is expressed in a similar way, but § =
B=0

The diffusion equation of the spin accumulation is obtained
by the continuity of the charge and spin current. In a nonmag-
netic metal, the spin accumulation gy obeys the diffusion equa-
tion given by [17]

0? 1

A abN =
Ox? /\gd(N)

32 Ex (6)

where Agq(xy is the spin diffusion length of the nonmagnetic
metal. The spin accumulation can be expressed as a linear com-
bination of exp(£z/Asq(xy)- The longitudinal spin accumula-
tion in a ferromagnetic metal, u% = (m - up)m, also obeys the
diffusion equation, and is expressed as a linear combination of
exp(w/Asa(r,,)), Where Agq(r, ) is the longitudinal spin diffu-
sion length.

We assume that the transverse spin accumulation in a ferro-
magnetic metal, pgf. = m x (pup x m), obeys the following
equation [9]:

9? 1 1
wﬂg = )\_?]”'E X m + mllg (N

where Ay = /(DT + D!)i/(2.J) is the spin coherence length
[8] and Asqepy) = Asaery)/V/1 — B2 is the transverse spin
diffusion length. J represents the strength of the exchange
field. The transverse spin accumulation is expressed as a
linear combination of exp(+z/ly) and exp(xz/l_), where

1y = \/(I/Asd(FT ) F (i/A%). Therefore, we define the
penetration depth of the transverse spin current as
1 1
=R 8
o [ZJ ®

References [10] and [11] show that the order of \; is a few nm
for NiFe and Co. The exchange interaction, which determines
Ay, does not give any contribution to /\Sd(FL), i.e., there’s no
relation between Ay and Ayq(r, ). If the order of Ajq(r, ) is a few
nm, for example NiFe, \; zAsd(FL). On the other hand, for Co
Asd(Fr)> A7, and therefore A\ << Agq(r,)-

The spin current at the F5/No(N3) interface is given by
INz=Fz(_INs—F2)  Solving the diffusion equations of spin
accumulations of the N3 and F';, layers, (6) and (7), with these
boundary conditions, the backflow at the No/F5 interface can
be expressed as [13]

No —F's 1 ~ %
I RCEE = I:g(FQ)(mZ *piy, )2

30,y ma X (x, X o) + Gk, ux, x ma| - (9)
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where the conductance gy , depends on the ratio da/Asa(r, )
where ds is the thickness of the Fy layer. Similarly, the renor-
malized mixing conductances, g;li(m), depend on the ratio
da/l4(r,). If the thickness of the N layer is thin enough
compared to its spin diffusion length, §E“F2) is equal to g* given

in [14], and ‘E]I%(F?) are given by

~Tl Tl
<gr(F2)> _ 1 < K, K2> <gr(F2)> (10)
e AN-K2 K1)\ glg,

where A = K,? + K,?. K; and K are given by

L tlhe + 8]y
—t! i+t

K,
K,

(1)
12)

where 7, = Re(Im)n and n = {g; tanh(dz/l4)}~", where
gt = hS/(2€?pr,l), and pr, is the resistivity of the 5 layer.
The mixing conductance of the F; layer in (1) and (3) is also
replaced by the renormalized mixing conductance.
The spin pumping modifies the Landau-Lifshitz—Gilbert
(LLG) equation of the magnetization of the F'; layer as
dm1 dm1

a :—WmXBeH-i-T-f-aoleT

13)

where B.g is the effective magnetic field, + is the gyromagnetic
ratio and «y is the intrinsic Gilbert damping constant. 7 is the
additional torque due to the spin pumping given by

my x {(IPvmP — TN2=F1) semy ) (14)

=1

MSd;
where M is the saturated magnetization of the F; layer and
dy is the thickness of the F'; layer. We assume that the spin
relaxation in the N layer is so weak that the spin current in the
Ny, layer is conserved, i.e., [PWP — [N2=F1 — TN2—F2 Thep
the dynamics of the magnetization of the F; layer is affected by
the F'5 layer. We notice that the effects of the N; and N3 layer are
quite small because, as mentioned below, the thickness of these
layers are thin enough compared to its spin diffusion length in
our experiments. The LLG (13) is rewritten as [14], [15], [18]

dml
dt

mj

dt

Veft

= —YerIMp X B + (Oéo + o/)ml X (15)

where (Yot /7y) and o is the enhancement of the gyromagnetic
ratio and the Gilbert damping due to the spin pumping, respec-
tively. Assuming that g+ > giT l, in the limit of § — 0, o/ is
reduced as

~Tl ~7l
/ vh 9r(¥1) 9 (F>)

o~
~T1l ~T1l
471Md15 gr( D + gr( 2)

(16)

and (7efr /) =~ 1. We should note that if we neglect the pene-
tration depth of the transverse spin current in the ferromagnetic
layer the mixing conductances are not renormalized, and that
the enhancement of the Gilbert damping constant, o’, does not
depend on the thickness of the F'5 layer. This is because the dom-
inant component of the pumped spin current is perpendicular to
the magnetization of the F5 layer.
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g —>
mz
— L — -—
N ; |sN2—F2 N
1(L1) F1(dq) Na(L2) Fa(d2) 3(L3)

Fig. 1. Schematic illustration of a nonmagnetic/ferromagnetic metal five-layer
system. L;(i = 1,2,3) is the thickness of the i-th nonmagnetic layer and
di(k = 1,2) is the thickness of the k-th ferromagnetic layer. The magneti-
zation m; is in resonance and precess around the z-axis with the angle 6. The
magnetization m, is fixed along the z-axis. IP*™P and IN —¥ are pumped spin
current and backflow of spin current, respectively.

Cu(5nm)/CoFeB(5nm)/Cu(5nm)/Co(d2)/Cu(10nm)
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Fig. 2. The dependence of derivative of the FMR spectrum of CoFeB on the
thickness of Co layer, d>. The center of the horizontal axis, 75 mT, is the reso-
nance magnetic field of CoFeB.

III. EXPERIMENT

We performed FMR experiments on Cu(5 nm)/CoFeB(5 nm)/
Cu(5 nm)/Co(ds)/Cu(10 nm) five-layer system shown in Fig. 1,
[16], where CoFeB layer corresponds to the F; layer and Co
layer corresponds to the F'5 layer. Fig. 2 shows the dependence
of the derivative of the FMR spectrum of CoFeB on the thick-
ness of Co, ds. The width of the peak to peak in Fig. 2, namely
the line width of the FMR spectrum A B, is a linear function of
the Gilbert damping constant [19]:

Anf
V3y

where f is the frequency of the oscillating magnetic field. The
line width of CoFeB depends on the thickness of Co through
o/, as shown in Fig. 2. Thus, we can determine the penetration
depth of the transverse spin current of Co by the line width of
CoFeB. The enhancement of the gyromagnetic ratio does not
give any contributions to the line width.

The sample was deposited on Corning 1737 glass substrates
using an rf magnetron sputtering system in an ultrahigh vacuum
below 4 x 1076 Pa and cut to 25 mm?2. The Ar pressure during
deposition was 0.077 Pa. The FMR measurement was carried
out using an X-band microwave source (f =9.4 [GHz]) at room
temperature. The microwave power, modulation frequency, and
modulation field are 1 mW, 100 kHz, and 0.1 mT, respectively.
The precession angle of the magnetization of the F'; layer was
estimated to be 1 deg. The resistivity of CoFeB and Co are

AB = ABO + (0[0 + Oll) (17)
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Fig. 3. The dependence of the FMR spectrum, A B, of CoFeB layer on the
thickness of Co layer, d». The filled circles represent experimental data and
solid line is fit to the experimental data according to the theory with the finite
penetration depth of the transverse spin current in Co, A¢. The dotted line rep-
resents the case of A\ = 0.

1252 Q-nm and 210 Q-nm [20], respectively. The magnetiza-
tion (47 M) and the gyromagnetic ratio of CoFeB are 1.66 T and
1.846 x 10'! Hz/T, respectively. A Cu layer typically shows an
enhanced (111) orientation and the Co layer on it also shows an
induced (111) texture. Thus, the Co layer is considered to be
(111) texture.

In Fig. 3 the measured line width of the FMR, A B, of CoFeB
layer is plotted with full circles against the thickness of Co layer,
ds. The solid line is a fit to the experimental data according to
the theory with the finite penetration depth of the transverse spin
current \¢. The dotted line is the calculated line width assuming
At = 0. If the Co film is not continuous but consists of a Co
islands, the thickness of the Co island is somewhat thicker than
the nominal thickness. However, the effect of the Co islands is
not so significant because the important quantity in our anal-
ysis is the mean thickness which is almost same as the nominal
thickness.

The best fitting parameters are as follows. The real part of
the mixing conductances per unit area, gl 1 /S, of CoFeB and
Co are 128 nm~—2 and 20 nm~2, respectively. Although these
values are determined by fitting, they have good agreement with
the ab initio calculations [8]. For simplicity, we assume that
t1 =t!!, where the values of ! /S of CoFeB and Co are 0.8
nm~2 and 6.0 nm~2, respectively. The spin diffusion length of
CoFeB and Co layer are 12 nm and 38 nm, respectively [20],
[21]. The polarization of the conductance /3 are 0.56 for CoFeB
and 0.31 for Co [20], [21]. We take ¢{'/S = 1.0 nm~2 and
291Tg /(g + g*H)S = 20 nm~2 both CoFeB and Co [15];
these are not important parameters for fitting. The spin diffu-
sion length and resistivity of Cu are taken to be 500 nm and 21
Q-nm [22].

The obtained value of the penetration depth of Cois Ay = 1.7
nm. References [9]-[11] estimate A\, = /2, and predict that
Ay of Co with (111) texture is 1.1 nm. Thus, we have good
agreement with [9]-[11].

IV. CONCLUSION

In conclusion, we study the line width of the FMR spectrum
of Cu/CoFeB/Cu/Co/Cu five-layer system. The line width of the
CoFeB layer depends on the thickness of the Co layer due to spin
pumping. We extend the conventional theory of spin pumping
by taking into account the finite penetration depth of the trans-
verse spin current of the Co layer, and analyze the experimental
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data. The obtained penetration depth of the Co layer is 1.7 nm,
which has good agreement with the Boltzmann theory of elec-
tron transport.
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