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Scattering of spin current injected in Pd  (001)
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We have studied spin pumping in Pd{(B@1) ultrathin crystalline films prepared on Ga@81) by
ferromagnetic resonand€MR). FMR measurements show that the(@@il) overlayers lead to an
appreciable attenuation of the spin current, which was generated by the precessing magnetization of
Fe. Pd overlayers thicker than about 10 nm act as perfect spin sinks. It is argued that the loss of spin
coherence in Pd is caused by scattering with spin fluctuation20@ American Institute of
Physics [DOI: 10.1063/1.1853131

I. INTRODUCTION FM1. The inverse dependence of the Gilbert damping on the

1 . . film thickness clearly testifies to its interfacial origin. In this
Tserkovnyalet al” showed that a precessing magnetiza-.,5e the layer FM1 acts as a spin pump and the layer

tion can generate a spin current into an adjacent normakno acts as a spin sink. The spin pump and spin sink
metal (NM) layer. The pumped spin current at the interfac€qfacts have been thoroughly quantitatively studied in

between the ferromagneti&M) layer and NM is given by A, /Fe/Au/Fe/GaAg0)) structures, see, e.g., Refs. 7 and
. _h " on 1 8. The quantitative comparisc_)n with §pin pumping theory is
Jspin= 1 —9 N X~ (1) very good® The strength of spin pumping at RT was found to

be only 14% lower than that predicted by theory, and it was

wheren is the unit vector along the magnetic momént  in excellent agreement at He temperatures. This is an impor-

andg'! is the interface mixing conductance per unit area intant result. In magnetic double layer structures spin dynamics

units of e?/h.* For interfaces with some degree of diffuse studies can be carried out with a perfect spin sink, allowing
scatteringg'! is close to the number of transverse channels irpne to determine the full strength of spin pumping.

NM, 3, n0mn, S€€ Refs. 2—4. In simple metals with a spheri-  The spin pump effect can also be observed in single FM
cal Fermi surface this sum is given by films surrounded by NM layers, provided that the pumped
K2 N\ 2/3 spin current is transported away from the FM/NM interface.

gl'= ﬁ ~ 0.85(5) , (2) Interface damping was studied in NM/Py/NM sandwiches by

Mizukami et al,? where NM=Pt, Pd, Ta, and Cu. The NM
whereke is the Fermi wave vector anl is the density of layers were 5 nm thick. No interface damping was observed
electrons in NM. Equatiorf2) is valid in the limit that the  with the Ta and Cu layers. Tserkovnyakal. explained the
mean free path in the NM film is larger than its thickness. Inlack of interface damping ifiTa, Cu/Py/(Cu, Ta structures
magnetic double layers FM1/NM/FM2 the spin current in- by long spin-diffusion lengths in Cu and Ta. The 5-nm-thick
jected by FM1 into NM can be absorbed by the ferromag-Cu and Ta do not provide effective spin sinks. However, a
netic layer FM2. The transverse component of the spin cursubstantial interface damping was observed in both the Pt
rent in NM is entirely absorbed at the NM/FM2 interface. and Pd layers. The results by Mizukastial. were obtained
Consequently, the spin current results in an interface Gilberton samples prepared by sputtering. Since Pd and Pt have a
like damping for the ferromagnetic layer FM1. For small Strong tendency to intermix withdBtransition elements it is
precessional angles the spin currggy, is almost entirely interesting to compare the results obtained from samples pre-
transverse. For good spin sinks, the Gilbert damping is givepared by sputtering with samples prepared by molecular-
by the conservation of the total spin momentum and is equateam epitaxyMBE) techniques. The purpose of this paper is
to to study the spin pump effect in Pd overlayers using crystal-
line epitaxial Pd/Fe01) structures which were prepared by
= (3) MBE, where the intermixing between the Fe and Pd is
4mMsd, known to be minimaf?

wherey is the gyromagnetic ratidyl is the saturation mag-
netization, andl, is the thickness of the ferromagnetic layer Il. SAMPLE GROWTH AND FMR MEASUREMENTS

Metallic nPd/16F¢€001) films were grown on
¥Electronic mail: bheinric@sfu.ca GaAgq001) by MBE using epi-ready GaA801) semi-
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4 y y y y sheet resistances were found to be(®.B] and 19.9)/[].

Since the Pd layer contributes in parallel to the overall sheet
— resistance one can conclude that the sheet resistance for the
2 50-ML-thick Pd film is approximately 18(I/[]. This sheet
- ] resistance leads to the resistivigy=18.2 1) cm. This value
is about two times bigger than that of bulk Pgbi
=10.8uQ) cm® The measured resistivity allows one to esti-
Y S ° ., X mate the mean free patty, using a simple formulgvalid

0 5 10 15 20 2580 only for a spherical Fermi surfage
d,, [nm]

FIG. 1. The additional Gilbert damping,yq arising from spin pumping as a l - ezN)\m
function of the Pd film thickness. The Pd data are show(@nh For com- p m* UF !
parison several points are shown for D), Ag (V), and Cii). The solid
line was obtained by fitting the Pd data using E&). A4 was found to be
9 nm. 1 ML of Pd corresponds to 0.2 nm.

(4)

wheree is the elementary charger* is the electron effective
mass,N is the density of electrons, ang is the Fermi ve-
locity. The number of conduction electrofis-centered elec-
tron sheetper Pd atom was found to be 0.57This results
iR the carrier densityN=2x 105 cn™3. The effective mass

insulating templates, see details in Ref. dlvas between 3
and 200. The integers represent the number of monolaye
(ML)' Al f".”.‘s were covered W't.h Au for protection in aM-  4f the conduction electrons ia* ~2m, wherem is the free-
bient conditions. Pd has a lattice mismatch of 4.4% with | d h Fermi loci .
respect to Fe and 4.9% with respect to Au, and thereforg ng%n 107mas/s 14 T?P tl © i er9m| (\;e OCIEI |dls

. . . ' =5.6X cm/s: IS results i =9 nm. One shou
samples with a sufficient thickness of Pd are affected by ther o

relaxation of latti train. The presen f it mbl alize that the sheet resistance in the Pd thin film is mostly
claxation ot 1attice strain. The presence ot a Sell-assembi€lg o minag by diffuse scattering at the interfaces. Therefore,
network of misfit dislocation half loops was observed by

. L . \=9 nm significantly underestimates the mean free path in-
plan view transmission electron microscoiEM).*? Above "™ 9 y b

. ide the Pd film. A similar behavior was found for the Au
a Pd thickness of 100 ML the network of seli-assembleq . & grown on Fe/GaA801)."® Since the momentum
misfit dislocations leads to strong two magnon scattering

Therefore, the study of intrinsic damping had to be c:arriec{nean free path in our Pd overlayers is larger than the film
out for the Pd films thinner than 100 M20 nm.% The hicknesses the spin-diffusion theb?ys not applicable in

damping was investigated by ferromagnetic resonanctehe mterpr etation of our results. .
(FMR) at 24 and 36 GHz We will demonstrate below that the mean free spin de-
' coherence length is less than the momentum mean free path
in our Pd samples. In this limit, the spin flow pumped by the
Il RESULTS AND DISCUSSION Fe layer is gradually attenuated in Pd before the momentum

The role of Pd in the propagation of a spin current wasOf the electron is ch.anged. The spin flow pumped by Fe into
investigated by monitoring the FMR linewidth as a function Pd decays, preventing the net pumped spin momentum from
of the Pd overlayer thickness iPd/ 16Fe/GaA@01) struc- returning back to the Fe film after reflection at the outer Pd
tures. The FMR linewidth has two contribution® the in- interface. When the thickness of the sample is less than the
trinsic Gilbert contribution corresponding to the Fe film bulk Mean free path, the backflow of the spin current can thus be
damping andb) the contribution from the pumped spin cur- described by
rent, which is dissipated in the Pd layer and thus contributes
to the Fe interface damping. The additional Gilbert damping
arising from spin pumping is shown in Fig. 1. - ) _ ) )

For comparison some results with Au, Ag, and Cu over-Whered3 is the effective th|ckn§s§ of_the Pd film angL.is
layers are shown. Clearly, Pd is different than the noble metthe mean decoherence lengtfi:"is given by Eq.(1). The -
als. For the Pd layers thicker than 10 (60 ML) the addi- factor 2 in the exponent appears because the effective thick-
tional Gilbert damping saturates, i.e., Pd acts as a perfed€ss of the Pd film for the spin current making it back to Fe
spin sink. For the Au, Ag, and Cu overlayers the contributioniS twice the film thickness. The effective Pd film thickness

. ’ ’ ff - . ff .
from spin pumping remains so small that it is within the 9paiS larger thartpy The ratiodsg/\gec can be estimated by
accuracy of our FMR measurements. Au, Ag, and Cu in thigncluding the length of the electron path propagating under
thickness range behave as spin accumulators, not spin sini&? angle¢ with respect to the film normal. This calculation
Spin pumping from the Fe layer increases the spin momenincludes only electrons at the Fermi surface participating in

tum in Cu, Ag, and Au, and the resulting backflow of spin spin pumping. For a spherical Fermi surface one can write
current nearly compensates the spin pumping, resulting in a "
zero interface current and a negligible additional damping. e-zdgfg/xdecz N 2ak dKe—dedcosa)\dec (6)

In order to discuss the spin pumping contribution in Pd it T ﬁ 0 o '
is informative to first estimate the momentum electron
mean free path. The sheet resistance of the two samplegherek; is the component of th& vector parallel to the
20Au/50Pd/16Fe/GaA601) and 20Au/16Fe/GaA801) interface and co8=[1-(k,/k:)?]°° The net spin current
was measured by means of the van der Pauw technique. Thaeross the interface is then given by

eff
| lS)ack: I gumpe—Zde/)\deC’ (5)
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| = [PURL _e-ngfgxdec), ) ditions, for establishing a long-range ferromagnetic state.
One can envision that paramagnons in Pd can lead to an
which leads to the enhanced Gilbert damping due to spiffective long-range decoherence of spin current. This means
pumping that the direction of the pumped spin momentum gets ran-
domized by large spin fluctuations inside Pd; and, conse-
o= yhg'! (1 _e—zdgfélxdec) ®) quently, the spin momentum backflow loses its net spin mo-
Pd 4mM (O ' mentum and is unable to compensate the spin current

. - . generated by spin pumping. The spin mixing conductance in
. The thickness depe??ence in Fig. 1 can .be fit by tWOour samples is lower than that required to interpret the data
independent parameterg,* and \4oc The resulting param-

_ by Mizukami et al. Their measurements requig'=1.4
E—:i; ﬁgeglinzci;x tlh(i; Cr:;]: a:f:))r‘r;’gc;t Sn?mr.n\e/\g;enfr:]ee T)Cai\thx 10" cm2 for 5-nm-thick Pd. This is by a factor of 1.6
: . bi than that ob di tudies. The diff be-
there might stil be a backflow of electroffacypump ~ D'IYEr tnan tal observed I our Siudies. 'he diierence be

. tween these two experiments can be due to the difference in
~ eXP=2\m/ Ao FOT An=Agec gives 12910 1 The P

.sample preparation. The results by Mizukaghial. suggest
backflow would lead to a smaller value of the measured SPif at sputtering leads to an enhanced valug'6ind thus the
mixing conductance than that expected from the electro

fhtermixing of FM and Pd i the strength of spi
band calculations. Realizing that the mean free path insidclﬁu?nr?i:qxéng © an ncreases the strength of spin
the Pd layer is larger than the Pd layer thickness this correc- '
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