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Why	
  use	
  spin	
  currents?	
  
	
  We	
  can	
  eliminate	
  circumvent	
  these	
  problems:	
  
•  Joule	
  Hea0ng	
  
•  Circuit	
  Capacitance	
  
•  Electron	
  migra0on	
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  transport	
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  (if	
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  from	
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  expressed	
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•  GaAs(001)	
  Template	
  
–  Atomic	
  H	
  etching	
  
–  650eV	
  Ar+	
  spu^ering	
  
(con0nuous	
  
rota0on)	
  

–  4x6	
  reconstruc0on	
  
RHEED	
  monitored	
  

•  16Fe	
  and	
  12Fe	
  have	
  
different	
  FMR	
  fields	
  

•  At	
  16Fe	
  FMR,	
  16Fe	
  
acts	
  as	
  spin	
  pump	
  
and	
  12Fe	
  acts	
  as	
  spin	
  
sink	
   GaAs(001)!

16Fe (2.3nm)!

12Fe (1.7nm)!
20Au (4.1nm)!

300Au (61.2nm)!
or!

20Au (4.08nm)!
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Layers	
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•  Van	
  der	
  Pauw	
  
measurements	
  
–  10K-­‐300K	
  

•  Contribu0on	
  due	
  to	
  bulk	
  
phonon	
  and	
  interface	
  
sca^ering	
  

•  Using	
  Mathiassen’s	
  Rule:	
  

	
  
	
  
•  Interface	
  sca^ering	
  

contribu0on	
  independent	
  
of	
  temperature	
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Ferromagne0c	
  Resonance	
  

•  FMR	
  followed	
  Gilbert	
  damping	
  
phenomenology:	
  

•  Enhanced	
  Gilbert	
  damping	
  due	
  
to	
  spin	
  pumping	
  is	
  an	
  interface	
  
effect	
  

•  Spin	
  momentum	
  accumulates	
  
at	
  the	
  Fe/Au	
  interface	
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•  $sp	
  greatest	
  in	
  ballis0c	
  limit	
  for	
  sp	
  greatest	
  in	
  ballis0c	
  limit	
  for	
  
double	
  layer	
  

•  $sp	
  increases	
  with	
  decreasing	
  sp	
  increases	
  with	
  decreasing	
  
temperature	
  for	
  double	
  layers	
  

•  $sp	
  decreases	
  with	
  decreasing	
  sp	
  decreases	
  with	
  decreasing	
  
temperature	
  for	
  single	
  layers	
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Relaxa0on	
  parameters	
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•  !sf	
  increases	
  faster	
  than	
  !p	
  sf	
  increases	
  faster	
  than	
  !p	
  
as	
  temperature	
  decreases	
  

•  !i	
  very	
  weakly	
  dependent	
  
on	
  temperature	
  

Spin	
  flip	
  sca^ering	
  dominated	
  by	
  phonon	
  processes	
  

Combined	
  influence	
  of	
  temperature	
  dependent	
  spin	
  flip	
  
sca^ering	
  at	
  interfaces	
  and	
  bulk	
  phonon	
  sca^ering?	
  

or	
  
Mul0-­‐phonon	
  sca^ering	
  that	
  does	
  not	
  contribute	
  strongly	
  to	
  

resis0vity?	
  



Previous	
  Studies	
  

three fitting parameters remained: S↑ ,S↓, and Pvac/Au. Unfor-
tunately a unique fit to the data was not achieved with the
data in Fig. 6 alone.

The magnetoresistance data from Au/Fe/Au/Fe/
GaAs!001" was used to help determine the specularity pa-
rameters. A necessary simplifying assumption that all Fe/Au
interfaces had the same degree of specularity !S↑ and S↓"
reduced the number of fitting parameters. The reflectivity at
the outer Au interface Pvac/Au was first set to zero, and then
all possible combinations of S↑ and S↓ that gave the correct
conductivity for a parallel and antiparallel configuration in
the Au/Fe/Au/Fe/GaAs sample were determined, as shown
by the curves joining the two sets of triangles in Fig. 7. The
points where these curves intersected gave the correct mag-
netoresistance. The calculation was repeated for Pvac/Au
=0.25 and 0.50. The points of intersection for the various
Pvac/Au lay roughly on straight lines, shown by the two
dashed lines in Fig. 7. The specularity parameters decreased
approximately linearly with increasing Pvac/Au. The GMR
data alone indicated that the reflection from the outer Au
interface was mostly diffuse, Pvac/Au!0.5, and one spin
channel had a specularity in the range 0.6"S"0.8.

Fits to Au conductivity data in Fig. 6 were subsequently
constrained by the requirement that the parameters P ,S↑ and
S↓ produce the correct magnetoresistance for Au/Fe/Au/Fe
!lines A and B in Fig. 7". P=0 gave the best fit to the Au
conductivity. The solid line in Fig. 6 represents the fit to the
data using either !P=0.0, S↑=0.55, and S↓=0.77" or !P
=0.0, S↑=0.83, and S↓=0.53". When P was increased, the #2

also increased. The dashed line in Fig. 6 represents !P
=0.41, S↑=0.03, and S↓=0.65", the fit having the highest #2

!satisfying the constraint of line A in Fig. 7". The results of
the fits are displayed in Table II. A lower $Au would have
resulted in larger specularity parameters.

The diffuse scattering modeled by S↑ and S↓ describe the
influence of interface imperfections. Unfortunately, no calcu-

lations or measurements were available for the spin asymme-
try of Au impurities in Fe for comparison to the fits. It was,
however, interesting to compare the spin asymmetry of dilute
Cu and Ag impurities in Fe since these elements were iso-
electronic with Au and therefore were expected to scatter in a
similar fashion. Mertig recently calculated a spin asymmetry
%↓ /%↑=8.20 for Cu and 12.22 for Ag.25 This would suggest
that Au defects at the Fe/Au interface would also diffusely
scatter minority electrons more strongly. Based on this argu-
ment, one tends to favor the parameters from line A.

The fit of the Au thickness with first-principles calculation
described the data well for large thicknesses, but failed to
describe the conductivity for small thicknesses, in particular
the 5 ML Au film. One had expected a drop in the conduc-

FIG. 6. In situ measurement of the conductivity as a function of
Au thickness deposited on 28 ML Fe/GaAs!001". The two curves
are calculated using first-principles density functional calculations.
The solid line !P=0, S↑=0.55, S↓=0.77" is the best fit given the set
of parameters described by line A in Fig. 7 below. The dashed line
!P=0.41, S↑=0.03, S↓=0.65" has the highest #2 among the param-
eters on line A, which demonstrates the sensitivity of the fit to the
fitting parameters.

FIG. 7. Fitting of the conductivity of 20 ML Au/10 ML
Fe/7 ML Au/28 ML Fe/GaAs!001" using first-principles calcula-
tions. The filled points correspond to the parameters which give the
correct sheet resistance for a parallel configuration of magnetic mo-
ments !resistance at saturation in Fig. 2" and the open points give
the correct sheet resistance for an antiparallel !zero applied field"
configuration. The triangles, diamonds, and squares are calculated
for Pvac/Au=0, 0.25, and 0.5, respectively. The dashed lines labeled
A and B are interpolations of the points of intersection which give
the correct GMR.

TABLE II. The GMR fitting parameters determined from Fig. 7
that gave the best fit to the thickness dependence of the Au conduc-
tivity shown in Fig. 6. The confidence interval column !CI" shown
for each set of solutions A and B was the range of the specularity
parameters within the 90% confidence interval of the fit. The 90%
confidence interval is a region in the parameter space of #2 where
90% of experiments will be fitted by a set of parameters falling
within that region.

Best fit !A" CI !A" Best fit !B" CI !B"

P 0.0 0.0–0.16 0.0 0.0–0.20
S↑ 0.55 0.55–0.34 0.83 0.83–0.74
S↓ 0.77 0.77–0.72 0.53 0.53–0.32
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single magnetic layer structure F/NM the boundary condi-
tions at the F/NM interface are5

jm − 0.5vFmNM = − D
!mNM

!x
. !5"

For the outer interface we used a free magnetic moment con-
dition

!mNM

!x
= 0. !6"

For a magnetic double layer structure F1/NM/F2 the bound-
ary conditions at the F1/NM interface are equivalent to Eq.
!5". The boundary conditions at the NM/F2 interface are5

−
!mNM

!x
= 0.5vFmNM. !7"

The boundary conditions in Eq. !7" are valid for the case
when the layer F2 is off resonance and therefore contributes
negligibly to spin pumping. The coefficient 0.5 corresponds
to the effective transmission coefficient from the NM to F
layers and is given by Eq. !13" in Ref. 5. The right hand side
of Eq. !7" represents the magnetic current from NM into F2
and acts as a driving field for the magnetic moment in F2.

The purpose of the studies presented in this paper was to
identify the spin diffusion coefficient and spin flip relaxation
time in Au. We carried out two experiments. D and !sf were
determined by FMR employing a single magnetic structure
F/NM. Similar experiments were done by Mizukami et al.6

on the Cu /permalloy /Cu /Pt films. In addition the propaga-
tion of spin current in NM was investigated by time and
spatial resolved Kerr effect technique. For this case we used
a double magnetic layer F1/NM/F2 where F1 was used for
spin pumping and the layer F2 was used as a detector of the
spin current.

The Fe films were deposited at room temperature on a
commonly used 4"6-GaAs!001" reconstructed template.
The 4"6 surface reconstruction was obtained by annealing
the GaAs wafer at #600 °C following hydrogen cleaning
and Ar+ sputtering at 650 eV. The following structures were
grown: !a" nAu /16Fe /GaAs!001", where n=20, 80, 150,
200, 250, 300 and the integers represent the number of
atomic layers; and !b" 20Au /12Fe /300Au /16Fe /GaAs!001"
and 20Au /12Fe /300Ag /16Fe /GaAs!001".

The FMR studies were carried out using standard micro-
wave spectrometers using 10, 24, 36, and 73 GHz, see de-
tails in Ref. 7. For both bulk and interface Gilbert damping
#H is strictly linearly dependent on the microwave angular
frequency $, #H=%!$ /&".

The NM layer increases magnetic damping when its
thickness becomes comparable to the spin diffusion length
'sd=vF!!sf!el /3"0.5. For dNM('sd#H is given only by the
intrinsic Gilbert damping of the Fe layer. For dNM)'sd the
#H increases by the loss of spin momentum in NM. The
equations of motion !1" and !4" with the boundary conditions
!5" and !6" were solved self-consistently, and were employed
for fitting the measured spin pumping coefficient %, see Fig.
1. The spin pumping Gilbert damping parameter, %sp, as a
function of the Au thickness was fitted with the following

parameters: %intr=3.5"10−3, g̃↑↓=2.4"1015 cm−2, !el=1.2
"10−14 s, !sf=15"10−14 s, and the Fermi velocity was as-
sumed to be *F=1.4"108 cm /s. The fitted parameters result
in the spin diffusion length 'sd of 34 nm. It is interesting to
note that Kurt et al.8 studied the spin diffusion length by
using current–perpendicular-to-plane !CPP" giant magnetore-
sistance !GMR" measurements using polycrystalline Au /Cu
spacers. They obtained 'sd=35 nm, which is very close to
our result. The ratio r=12.5 indicates that in our samples !sf
is one order of magnitude larger than !el.

20Au /12Fe /nAu /16Fe /GaAs!001" structures were em-
ployed in the study of propagation of spin currents across the
NM film. Time-resolved magneto-optical Kerr effect
!TRMOKE" measurements are an ideal tool for investigating
the propagation of spin currents in these structures. Strobo-
scopic measurements of magnetization precession in the
10 GHz frequency range were carried out with picosecond
time resolution and submicrometer spatial resolution, using a
coplanar transmission line carrying repetitive picosecond
magnetic excitation pulses. After excitation the 100 fs dura-
tion laser pulses probed the top 12Fe layer via the perpen-
dicular component of precessing magnetization !polar
MOKE" at the delay time tD, see detailed description in Ref.
9. Spin currents generated by the bottom 16Fe layer propa-
gated across the normal metal spacer and resulted in rf exci-
tations of the top 12Fe film. The resonant frequencies of the
Fe layers are strongly affected by the interface anisotropies,
see Ref. 10. Therefore the 12Fe and 16Fe films have their
resonant frequencies 4.5 GHz apart and therefore the spin
current induced magnetization precession in the 12Fe film
can be in principle easily distinguished. However, the iden-
tification of absorbed spin current is complicated by the pres-
ence of a direct TRMOKE signal from the bottom 16Fe layer
which becomes observable when the spacer thickness is less
than 250 atomic layers. A Au spacer with the thickness of
300 atomic layers was sufficient to suppress the signal from
the bottom 16Fe film. No measurable MOKE signal was ob-
served on the 300Au /16Fe /GaAs!001" sample. Therefore,
further studies with the Au spacer were carried out using the
20Au /12Fe /300Au /16Fe /GaAs!001" structure. The time
dependence of the picosecond resolved Kerr signal and its
fast Fourier transform !FFT" are shown in Figs. 2!a" and

FIG. 1. Dependence of the additional damping by spin pumping, %sp, on the
Au cap layer thickness dAu in the Au /16Fe /GaAs!001" samples. The !•"
symbols represent the measured data from the #H dependence on micro-
wave frequency f , #H!f". #H!f" followed well a linear dependence on f .
The error bars were determined from small slope variations in the #H!f"
measurements. The solid line shows fitting using the spin pumping theory
with the following parameters.: g̃↑↓=2.4"1015 cm−2, !el=1.2"10−14 s, and
!sf=15"10−14 s.
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From	
  80-­‐5nm	
  thickness	
  of	
  Au	
  !i	
  increases	
  by	
  a	
  factor	
  of	
  12	
  
	
  	
  !sf	
  only	
  increases	
  by	
  a	
  factor	
  of	
  1.5	
  sf	
  only	
  increases	
  by	
  a	
  factor	
  of	
  1.5	
  

!sf	
  can	
  only	
  weakly	
  be	
  dependent	
  on	
  interface	
  sca^ering	
  sf	
  can	
  only	
  weakly	
  be	
  dependent	
  on	
  interface	
  sca^ering	
  

Temperature	
  dependence	
  of	
  !sf	
  governed	
  by	
  mul?-­‐phonon	
  scaAering	
  	
  sf	
  governed	
  by	
  mul?-­‐phonon	
  scaAering	
  	
  



Spin pumping at YIG/Au interface 

recently new ideas and systems being developed for generation 
 of pure spin currents for driving Spin Transfer Torque (STT) devices 

 
John Slonczewski has shown higher spin efficiency can be achieved by thermal gradients 

using Magnetic Insulator (MI)/NM heterostructures 
 
 

new emerging field 
spincoloritronics 

  

Arne Brataas and Gerrit Bauer have shown that the spin pumping generation 
 is determined at  MI/NM interfaces by spin mixing conductance 

 
?????what is          at the YIG/Au interface ????  
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Fe 

YIG	
  surface	
  chemistry	
  

YIG:	
  Y3Fe2(FeO4)3	
  
	
  

•  Grown	
   on	
   (111)	
   Gd3Ga5O12	
  
substrate	
   by	
   PLD	
   at	
   700C	
   and	
  
0.1Torr	
  O2	
  

•  Thickness	
  d=9nm	
  (low	
  angle	
  XRD)	
  
•  4"Ms=1.31kG(SQUID),	
   g=2.027	
  Ms=1.31kG(SQUID),	
   g=2.027	
  

(FMR)	
  
•  Surface	
  roughness	
  0.5nm	
  (AFM)	
  
	
  

As	
  prepared	
  YIG	
  has	
  	
  
surface	
  deficiency	
  of	
  Fe	
  

	
  
Common	
  for	
  even	
  thick	
  

PLD	
  prepared	
  YIG	
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  angular	
  momentum	
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Evalua0ng	
  	
  	
  	
  	
  	
  	
  	
  in	
  Ar+	
  etched	
  YIG	
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Conclusions: 
 

spin pump/sink effect  
 can be used to 
investigate the spin transport parameters in magnetic nanostructures 
 
 
 

spin pumping at YIG/Au is efficient 
70% of theory calc.        50% of Fe/Au 

evidence that a time retarded interlayer exchange coupling 
 creates spin pumping  

Efficiency of spin pumping comparison 
 
Microwave driven: for f=10GHz and Θ=90o                                                  2x1010                                                               
 
Thermal excitation: for ΔT=10 K , Vcoh=2.7x103 nm3   ωeff=2x102 MHz     1.0x108 
 
STT (60% polarization): for 2x106 Acm-2   :                                                 2x1010         
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Conclusions	
  
Temperature	
  dependence	
  of	
  	
  !sf	
  sf	
  

	
  
from	
  290K	
  to	
  90K	
  

!sf	
  increases	
  by	
  factor	
  of	
  10	
  sf	
  increases	
  by	
  factor	
  of	
  10	
  
!p	
  increases	
  by	
  factor	
  of	
  4	
  
!i	
  negligible	
  dependence	
  

	
  
	
  

Temperature	
  dependence	
  of	
  !sf	
  governed	
  by	
  mul0-­‐phonon	
  sca^ering	
  	
  sf	
  governed	
  by	
  mul0-­‐phonon	
  sca^ering	
  	
  

Thickness	
  dependence	
  of	
  	
  !sf	
  sf	
  
	
  

from	
  80nm	
  to	
  5nm	
  
!sf	
  increases	
  by	
  factor	
  of	
  1.5	
  sf	
  increases	
  by	
  factor	
  of	
  1.5	
  

!p	
  constant	
  
!i	
  increases	
  by	
  factor	
  of	
  12	
  i	
  increases	
  by	
  factor	
  of	
  12	
  

	
  



deposition of Fe on bare YIG 
results in metallic state of Fe 

no spin pumping 

YIG surface H atom etching showed in XPS  
a strong presenceof  metallic state of Fe 

no spin pumping 

spin current blockade by metallic Fe 
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metallic state of Fe  

1 MLFe deposited 
at 500o C  

YIG state of Fe 


