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Voltage Generation by Ferromagnetic Resonance at a Nonmagnet to Ferromagnet Contact
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A ferromagnet can resonantly absorb rf radiation to sustain a steady precession of the magnetization
around an internal or applied magnetic field. We show that, under these ferromagnetic resonance
conditions, a dc voltage is generated at a normal-metal electric contact to a ferromagnet with spin-flip
scattering. The spin dynamics in the nonmagnetic region is accounted for by a frequency-dependent
renormalization of the interface conductances. This mechanism allows sensing of time-dependent
magnetizations by established dc electronic techniques.
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The field of magnetoelectronics utilizes the electronic
spin degrees of freedom to achieve new functionalities in
circuits and devices made from ferromagnetic and normal
conductors. The modulation of the dc electrical resistance
by means of the relative orientation of the magnetizations
of individual ferromagnetic elements (‘‘giant magnetore-
sistance’”) is by now well established. Dynamic effects,
such as the current-induced magnetization reversal, are still
a subject of cutting edge research activities. Here we
concentrate on an application of the concept of spin pump-
ing, i.e., the emission of a spin current from a moving
magnetization of a ferromagnet (F) in electrical contact
with a normal conductor (N) [1,2], viz., the ““spin battery”’
[3]. In this device, a ferromagnet that precesses under
ferromagnetic resonance (FMR) conditions pumps a spin
current into an attached normal metal that may serve as a
source of a constant spin accumulation (see also Ref. [4]).
In this Letter, we report that spin-flip scattering in the
ferromagnet translates the pumped spin accumulation
into a charge voltage over an F|N junction. Because of
the spin-flip scattering in F, a backflow spin current col-
linear to the magnetization is partially absorbed in the
ferromagnet. Since the interface and bulk conductances
are spin-dependent, this leads to a net charging of the
ferromagnet, which thus serves as a source as well as
electric analyzer of the spin-pumping current. We note
the analogy to the voltage in excited F|N|F spin valves
predicted by Berger [5] and recently analyzed by
Kupferschmidt et al. [6]. Since the spin-flip scattering in
conventional magnets such as permalloy (Py) is very
strong, this effect provides a handle to experimentally
identify the FMR-induced spin accumulation in the sim-
plest setup [7]. A detailed experimental test of our predic-
tions is in progress [8].

The spin battery operated by ferromagnetic resonance
has been proposed by Brataas et al. [3] in the limit of weak
spin-flip scattering in the ferromagnet. It is based on the

0031-9007/06/97(21)/216602(4)

216602-1

PACS numbers: 76.50.+g, 72.25.Mk, 73.23.—b, 73.40.—c

spin current pumped into a normal metal by a moving
magnetization (F|N) [1]
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where m is the unit vector of magnetization. Reg!* and
Img™ are the real and imaginary parts, respectively, of the
(dimensionless) spin-mixing conductance g'* [9]. This spin
current creates a spin accumulation s in the normal metal,
which induces a backflow of spins and, as we will see,
charges the ferromagnet. According to magnetoelectronic
circuit theory [9], the charge and spin currents flowing
through the F|N interface (into N) in the presence of
nonequilibrium charge and spin accumulations ul, s in
N and pf, wfm in F read [9]

e
1= 5[2(%” —u)+pul — p(m-s)],

g
1" = g 12p(ug — ug) + ul = (1~ 2Reg!/g)m -s]m
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. S pp (s Xm), (2)
where g = g' + g! is the total interface conductance of
spin-up and spin-down electrons, and p is the contact
polarization given by p = (g — g')/(g' + g'). For typical
metallic interfaces, the imaginary part of the mixing con-
ductance is quite small [10] and, hence, is discarded in the
following discussion. We choose the transport direction
along the x axis that is perpendicular to the interface at
the origin. H,,, the sum of dc external and uniaxial anisot-
ropy magnetic fields, points in the z direction, which is also
the chosen spin quantization axis in the normal metal. At
the ferromagnetic resonance, the magnetization precesses
steadily around the z axis with azimuthal angle 6 (see
Fig. 1) that is tunable by the intensity of an ac magnetic
field. The thickness of the normal and ferromagnetic metal
films are dy and df, respectively. s(x, ¢) is determined by
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FIG. 1. Schematic view of a spin battery operated by ferro-
magnetic resonance. The dotted line Ij. represents the dc
component of the pumping current.

the spin-diffusion equation [11]
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where 74 is the spin-flip relaxation time and Dy the
diffusion constant in the normal metal. Assuming that the
magnetization precesses around the z axis with angular
velocity w, we consider the limit where the spin-diffusion
length in the normal metal is much larger than the trans-
verse spin-averaging length [, =./Dy/w, ie., A, =
VDY /14 > 1,, or equivalently w7} > 1. We can then
distinguish two regimes. When the thickness of the normal
metal dy >> [, which is equivalent to the Thouless energy
hDy/d% < ho, the oscillating transverse component of
the induced spin accumulation vanishes inside most of the
normal metal, and one is left with a time-independent spin
accumulation along the z axis decaying away from the
interface on the scale AY,. The backflow due to the steady
state spin accumulation aligned along the z axis cancels the
same component of the pumping current. The former
acquires the universal value 7w when the spin-flip scatter-
ing is sufficiently weak [3]. In the opposite regime of
ultrathin normal-metal films with 7Dy/d% > ho, the
spin accumulation s is governed by a Bloch equation and
will be discussed elsewhere [12].

Continuity of the total spin current into the normal metal
at the interface

I, =1"+1" 4)

is the first boundary condition for the diffusion equation:
0s/0x|,—g = —21,/(hvposADy), where vpog is the one-
spin density of states and A the area of the interface. We
also require vanishing of the spin current at the outer
boundary ds/dx|,—; = 0. The time-averaged solution of
Eq. (3) reads (s), = s,Z, with

. cosh(x — dy)/AY, 22,
z Slnth//\i\é hVDOSADN
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The component of the spin accumulation parallel to the
magnetization is a constant for the precessional motion
considered here. It can penetrate the ferromagnet, hence

. . . . _ F F .
building up a spin accumulation py = p; — p) in F,

which obeys the spin-diffusion equation [11]

(x) lu’\' (X)
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where AL is the spin-flip diffusion length in the ferromag-
net. The boundary conditions are given by the continuity of
the longitudinal spin current at the interface

auf ol _2e?
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and a vanishing spin current at the outer boundary

0 d
(5 o)y ®
0x x=—dp x x=—dp

where o7y is the conductivity of spin-up (-down) electrons
in the ferromagnet. In the steady state, there can be no net
charge flow. From /. = 0 follows that a charge chemical
potential difference uf — ud = pls.cosd — ufl.—y/2
builds up across the contact. At the interface on the F
side, the longitudinal component of the total spin current
leaving the ferromagnet then reads

(6)
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The interface resistance is in series with a resistance p, =
1,/ (hvposADy) of the bulk normal metal of thickness /,,
that accounts for the averaging of the transverse spin
current components. This reduces the interface conductan-

I, cosf =

ces for spin-up (-down) electrons to g!,(,l) =gW/(1 +
p,8W) and the spin-mixing conductance g[‘l, =
Reg"/(1 + p,, Regl). We also introduce
1 |
— ol l _ 80~ 8o
8w = 8o T 8w, Po="7F T 1- (10)
gl + gl
Solving Eq. (6) under the above boundary conditions gives

g cosh[(x + dp)/AL;]cosh |
B (g + gptanh(dF/A )]COSh(dF//\F Szlx=0
(1D

where § = (1 — p2)g,, and gr = 4hAcio/[e* Ay (o +
o)] parametrizes the properties of the bulk ferromagnet
[13]. When the spin-flip in F is negligible, i.e., dp < AL,
then uf|.—y = s.l,—o cosé, and, consequently, the longi-
tudinal spin current vanishes. In the present limit w7 >
1, the time-averaged pumping current Eq. (4) reads / E”Z) =
how Reglsin’0 /47, and the spin accumulation in N at
distance /, near the interface becomes

wh(x) =

hwsin?
. - wsin-6 , (12)

4
2 (1-p2)nt
My +sin“6 + 1 . cos’6

where we have introduced the reduction factors for N
and F:

216602-2



PRL 97, 216602 (2006)

PHYSICAL REVIEW LETTERS

week ending
24 NOVEMBER 2006

gN dy 1 _ 8F drp
Ny = 2= tanh—y, F = = tanh—-, (13)
ghh A gh AL

where gy = hvposADy/AY, and np = glinlt/g,. With
weak spin flip in F, i.e., dp < AL, n% =~ () and Eq. (12)
reduces to s, = hwsin?6/[ny + sin?6] [3]. Increasing the
spin flip in F or the ratio dr/AL}, the factor nli gets larger
and the spin accumulation signal decreases accordingly.
More interesting is the chemical potential bias Aug =
wl — wl that builds up across the interface, for which
we find

hwp,,(np/2)sin’6 cosd
ap[ny(w) + sin?g] + (1 — p2)nltcosd

Apg = » (14)

where ay = 1 — p2, + np. We now estimate the magni-
tude of s, and A, for the typical systems Py|Al [14]. In
Al the spin-diffusion length is A%, = 500 nm, the spin-flip
time 72 = 100 ps (at low temperature), and the density of
states of Al is vpog = 1.5 X 104’ J"!m~3. The mixing
conductance of the Py|Al interface in a diffuse environ-
ment can be estimated as twice the Sharvin conductance of
Al [15] to be Regy /A = 20 X 10! m™~2. The bare contact
polarization is taken as p = 0.4. The spin-flip length in Py
is very short, around Af; = 5 nm [16], and (o + o)/ 070,
is about 6.36 X 1077 Q m [17]. Assuming a magnetization
precession cone of # = 5°, the voltage Au/e of Py|Al
interface as a function of the FMR frequency is plotted in
Fig. 2. The induced spin accumulation in the normal metal
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FIG. 2. The voltage drop Aug/e (in units of nV) as a function
of FMR frequency (in GHz) for the Py|Al interface. The line
with circles denotes the situations when dy = 300 nm (empty
symbols) and dy = 800 nm (solid symbols), where the thickness
of ferromagnet is dr = 14 nm. The solid and dashed lines refer
to the limits as indicated by Eqgs. (15) and (17), respectively.
These curves indicate that, due to averaging of the transverse
spin components inside the normal metal, the voltage is not
linear with FMR frequency. The precession angle of magnetiza-
tion is taken as # = 5°. The inset shows the angle dependence of
the voltage at fixed frequency 15.5 GHz. At a small angle, the
voltage drop is proportional to 67.

and the voltages across the interface as a function of dr are
plotted in Fig. 3. The voltage bias across the interface, for
given bulk properties of the normal metal, is seen to
saturate at large spin-flip scatterings on the F side dp >
AL, Spin flip in the normal metal is detrimental to both spin
accumulation and voltage generation. On the other hand, a
transparency of the contact reduced from the Sharvin value
increases the polarization p,, up to its bare interface value
and with it the voltage signal (up to a maximum value
governed by the reduction factor 7, that wins in the limit
of very low transparency).

The angle dependence of the voltage across the interface
is plotted in the inset in Fig. 2 in the limit of large spin flip
in F dp > AL, When dy < AY, (but still dy > 1), we
obtain the maximum value:

hop,(gr/2g.,)sin*0 cosd

Ap o (1)

o apsin?@ + (1 — p2)grcos’0/gh

given ap — 1 — p2 + gr/g,. At a small angle of the
magnetization precession 6,

T102
_Po8e% he,  6—0.  (16)
2(1 - Pw)gw

In the opposite limit dyy > AY, (but AY, > [,), the voltage
drop becomes

Apog =

A hop,(gr/2g.,)sin*0 cosd
Mo = - ’
ar(gy/glh + sin?0) + (1 — p2)grcos’6/glh
(17)

which in the limit of a small angle reduces to
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FIG. 3. Lines with circles are the spin-pumping-induced accu-
mulation s /e (in units of nV) in Al near the interface to
permalloy as a function of the Py layer thickness dr and two
Al layer thicknesses, i.e., dy = 300 nm (empty symbols) and
dy = 800 nm (solid symbols). Solid (dy = 300 nm) and dotted
(dy = 800 nm) lines are the chemical potential discontinuity
across the interface A /e (in units of nV), as a function of the
Py layer thickness dr. The FMR frequency is 15.5 GHz.
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FIG. 4. The N1|F|N2 system in which the sandwiched F layer
precesses around the z axis under the FMR condition. The origin
of the x axis is located at the F|N, interface.

Apg = pogh0?ho/[2(1 + gy/gr)(1 = p2)g., + 28y].
In both limits at small precession angles, the voltages are
proportional to #2, i.e., increase linearly with power inten-
sity of the ac field. Equations (15) and (17) as a function of
FMR frequency are depicted in Fig. 2 as solid and dashed
lines, respectively.

In contrast to Berger [5], who predicted voltage genera-
tion in spin valves, viz., that dynamics of one ferromagnet
causes a voltage when analyzed by a second ferromagnet
through a normal-metal spacer, we consider here a simple
bilayer. The single ferromagnetic layer serves simulta-
neously as a source and detector of the spin accumulation
in the normal-metal layer. The presence of spin-flip scat-
tering that allows the backflow of a parallel spin current is
essential, and permalloy is ideal for this purpose. The
voltage bias under FMR conditions can be measured sim-
ply by separate electrical contacts to the F and N layers. It
can be detected even on a single ferromagnetic film with
normal-metal contacts [7], provided that the two contacts
are not equivalent.

We can also study the FMR-generated bias in a con-
trolled way in the N1|F|N2 trilayers in which the F layer is
sandwiched by two normal-metal layers (Fig. 4). The
magnetization of the ferromagnet again precesses around
the z axis. The thicknesses of N1, F, and N2 in the
transport direction are dy;, dp, and dy,, respectively.
The spin-diffusion length in normal-metal node i is A;.
With weak spin flip in the sandwiched ferromagnetic layer
dr < AL, the spin accumulation of F at both interfaces is
the same. We find that the values of w! near the interfaces
are mixtures of the interface values of the spin accumu-
lations in the normal metals. In other words, the two
normal metals talk to each other through F by the backflow
and the generated voltages across the interfaces are differ-
ent given different contacts. In the opposite limit with
massive spin flip in F, dp > AL, the strong spin-flip
scattering eventually separates the spin accumulation in
the two normal-metal nodes such that the ‘“‘exchange”
between the two normal metals is suppressed. We then
recover Eq. (11).

According to Eq. (14), the voltage drops across the
interfaces Aul’) = uf — ud' and Ap? = plf — ud?
are different for different spin-diffusion lengths in the
normal metals (A;) or different conductances (Reg'"). For

example, taking identical normal metals but different con-
tacts, e.g., a clean and a dirty one, A ,ugl) and A ,uéz) will be
different due to different spin-mixing conductances.

In conclusion, we report a unified description for spin
pumping in F|N structure and analyze the spin accumu-
lation in the normal metal induced by a spin-pumping
current. We predict generation of a dc voltage over a single
F|N junction. The Py|Al system should be an ideal candi-
date to electrically detect magnetization dynamics in this
way. An experimental test of our predictions is in progress
[8].
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