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The interface-induced magnetization damping of thin ferromagnetic films in contact with normal-metal
layers is calculated from first principles for clean and disordered Fe/Au and Co/Cu interfaces. Interference
effects arising from coherent scattering turn out to be very small, consistent with a very small magnetic
coherence length. Because the mixing conductances which govern the spin transfer are to a good approxima-
tion real-valued, the spin pumping can be described by an increased Gilbert damping factor but an unmodified
gyromagnetic ratio. The results also confirm that the spin-current-induced magnetization torque is an interface
effect.
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[. INTRODUCTION in turn, is equivalent to an additional damping torque on the
tmagnetizatior‘?.

The spin-pumping concept for the magnetization dynam-
ics of nanostructures has far-reaching consequences. It gives
(A . i ) ‘ rise to an enhanced Gilbert damping of magnetic films in
netic field;y, a gyromagnetic ratio; and, a Gilbert-damping  ~ontact with conducting medfamay be employed as an
constant. The fieltH is a sum of contributions from exter- FMR-operated spin battefyand explains a dynamic ex-

nally applied fields, crystal anisotropy, shape-dependent di(:hange coupling in magnetic bilayé&as well as a dynamic

polar interactions, and exchange interactions which goverQjigness against current-induced magnetization revé?sal.
ferromagnetic spin-wave spectral characterisicis the ra- e gnalysis of experimental FMR probes of the magnetiza-
tio of the total magnetic moment and the angular momentunyio, gynamics in single filnfsand magnetic bilayefselied

of the electrons in the ferromagnet; i 3ransition-metal  ,, yhenomenological models of the electronic structure.
ferromagnets, such as Fe and Co, it is close to the fregyere e show how these assumptions can be relaxed by
electron valuey~2ug/h. The Gilbert-damping constant qing instead scattering matrices calculated from first prin-

parametrizes the viscous damping of an excited magnetizajsjes which take into account the detailed atomic and elec-
tion to the (locally) lowest-energy configuration. Its value onic structure of the materials under study.

differs considerably for various r.'nateri.als and also depgnds An early phenomenological treatment of the nonlocality
on the temperature and on the impurity/defect compositionyt he magnetization dynamics in hybrid normal-metai/
of a given sample. The motion of the magnetlzatlon-dlrectloqerromagnet(N/F) structures was given by Silsbet alll

unit vector m is determined by the phenomenological Recently, Simanelet al!? pointed out that time-dependent
Landau-Lifshitz-GilbertLLG) equatior: linear-response theory could be used to calculate the spin
dm dm flows generated by a ferromagnet with a time-varying mag-
m == yM X Hep+ am X at (1) netization in contact with a nonmagnetic conductor, as an
alternative to the scattering-theory approach of Tserkovnyak
The magnetization dynamics of small monodomain ferro-et al? In spite of the different starting point, complete agree-
magnets are well described by the LLG equafibhdownto  ment between the two methods was demonsttéatied the
the micron scale. New effects may play a role on the submisimple case of a-function magnetic layer embedded in a
cron scale, however. The magnetization dynamics is ndree-electron gas. In addition, it was argued in Refs. 12 and
longer a highly coherent process because interface and sut3 that the electron-electron interactions can considerably
face roughness are relatively more important in smallenhance the spin currents into normal metals with large
samples. Many-magnon processes can then acquire a sizétoner-enhancement factors. The linear-response framework
able spectral weightand are observable as, e.g., an increasethas also been used to calculate the enhanced Gilbert damping
line width of the ferromagnetic resonan@@MR).2 Another  of finite-thickness ferromagnetic filn#4.It was argued there
source of additional FMR broadening is nonlocal, dependindhat ultra-thin films display oscillatory dampir@s a func-
on the environment into which the ferromagnet is embeddedion of thicknesg due to quantum-size effects. In the follow-
a time-dependent ferromagnetic order parameter pumps sping, we show that these quantum-interference effects are
currents that carry angular momentyand energyinto ad-  greatly overestimated by the ballistic free-electron band
jacent conducting materiaf® This angular-momentum loss, model and do not survive when realistic transition-metal

The local magnetization dynamics in a bulk ferromagne
are usually well described by a phenomenological model for
mulated in terms of three parametérk;, an effective mag-
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band structures are used. By calculating from first principles Al = 951 - gtn (3)

the scattering matrix entering the spin-pumping théomg _ ) _
show that quantum-size oscillations are much smaller thaf$ the difference between the reflectiogf;) and transmis-
those reported in Ref. 14, especially if even small amounts o$i0n (g},) mixing conductancegper unit contact argavhich
disorder are introduced. We also find that the additional tern@re defined in terms of the spin-dependent reflection and
in the ferromagnetic equation of motion is of the Gilbert- transmission matrices of the ferromagnetic film®&$

damping form, with only a very small correction to the gy- R bl

romagnetic ratio(the same conclusion can also be drawn 9,=S > (Omn™ Fmel 1) (4)
from previous work9). Furthermore, the electron-electron in- mn

teraction effects discussed by Simake#re taken into ac-

count in the exchange-correlation potential which we calcu- gtu = 512 trﬁrlr#r:' (5

late self-consistently within the local spin density mn

approximation(LSDA) of density-functional theory; they do pere Sis theF/N contact area, anth andn denote scatter-
not give rise to enhanced Gilbert damping in our picture. Theng states at the Fermi energy of the normal-metal leads. For
e_Iectronlc structure of the_ normal _metal enters the eXPréSspin-pumping into one of the normal-metal Iayeg’ﬁ, is ex-
sions for the Gilbert damping not via the Fermi energy deny,essed in terms of the amplitudg, for an incoming elec-
sity of states but via the Sharvin conductance. Finally, Out.q in statem of the normal metal to be reflected at the
results confirm that the spin-current-induced magnetization,iarface with the magnetic film into the outgoing state

torque® is an interface effect, which was earlier taken for,,pie gl is expressed in terms of the amplitut}§ for an
granted”18and analyzed in detail in Ref. 19 - lf -
- e : - incoming electron from the otheM layer to be transmitted
_Thls artl_cle is organlzed as follows. The general t_heory ofacross the ferromagnet into the outgoing statdThe total
spin pumping and its consequences for the dynamics of thgnq,\jar-momentum loss of the ferromagnet is given by a
precessing ferromagnet are reviewed in Sec. II. In Sec. Il W, 1, of contributiong2) from the two leads, characterized by

describe the first-prinpiples mthods used to obtair_l the r€wo spin-pumping parametetsﬂ and A}. As explained in
sults presented and discussed in Sec. IV. A comparison wi

X i Ref. 4, adding this source of spin angular-momentum current
rgsults based ona free-electron_ model is made in the AppeRs e right-hand side of Eql) leads to a new LLG equation
dix and conclusions are drawn in Sec. V. for the monodomain thin film with saturation magnetization
Mg embedded in the nonmagnetic conducting medium, with
the modified constantaes; and yes:

Il. THEORY
. . L : 1.1 hy 14 ALl
We first consider a ferromagnetic film of thicknessson- =—|1- 47M dlm(Al +A) | (6)
nected to two perfect nonmagnetic reservoirs by two leads Yeit Y s
which support well-defined scattering states. The electrons
incident on the ferromagnet from a lead are distributed ac- Qe = ﬁf{cﬁ. LRe(AP +A;i)}_ 7)
cording to the Fermi-Dirac statistics of the respective reser- 4mMdd

voir, whereas the probability that an electron leaving the fer—I
romagnet returns there with finite spior phas¢ memory is

vanishingly small. Such perfect spin sinks can be realize
experimentally by attaching leads to the ferromagnetic fiImt
in the form of point contacts with dimensions smaller than
the electron mean free pathAlternatively, a normal con-

ductor with a very high spin-flip to momentum scattering-
rate ratio(as could be provided by heavy impurities with
large spin-orbit interaction in a light metal or a heavy metal
\é\:grllsphonon or defect scattergrsan serve as a good spin quantity being essentially an interface property.

Coherent motion of the magnetization, whose direction is Equation (2) was derived for arN/F/N structure con-
. . 9 T . hected to perfectly equilibrated reservdifsBy using this
given by the unit vectom(t), leads to the emission of a spin

geometry, the finiteness of the Sharvin conductances is auto-
current matically included® To apply calculated mixing conduc-
tances to the discussion of spin transport in diffuse systems
A dm dm which are not ideal spin sinks, the “bare” conductaide
ls= 4—(ReA”m X —+ ImA“—) (2)  has to be correctéfifor the corresponding “spurious” Shar-
T dt dt ; : X ) o
vin resistance as discussed in Ref. 25. Additionally, a nonva-
nishing backflow and reabsorption of the spins emitted by
per unit area of the contact into each normal-metal l&yer,the ferromagnet has to be taken into account. The latter can
which we will here assume is then fully absorbed bybe achieved by considering the diffusion equation for the
the spin sinks(reservoirg.> The complex spin-pumping spin accumulation in the normal lead with E&) providing
conductanc® the boundary conditioiisee Ref. b This leads to an effec-

t can be easily showhnthat the real part ofAl! is always
non-negative so that the correction to the damping is always
ositive. The reader is referred to Sec. IV for a discussion of
he absolute and relative valuesgﬁfl and gtT |- Anticipating
these results, we note here that in typical situatighsand
Img}, (and thus IMA'!) are negligible so that the only effect
of the spin pumping is to make an additional contribution to
the Gilbert-damping parameter. We shall therefore assume
for the rest of the current section trg#tl<g; | With the latter
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Eqns.(6) and (7) where groupr®-3%and the latter by the Cornell grodp3!

1 1 1 + 2_62 L (8) IIl. FIRST-PRINCIPLES METHOD

h  taniL/\gp) '

~ r ~ 5.Sh
Al G 20N . . .
Parameter-free calculations of transmission and reflection
gﬁh is the Sharvin conductance of the normal-metal layercoefficients were performed using the local spin density ap-
given by the number of the transverse channels per spin argroximation(LSDA) of density-functional theoryDFT) in a

unit area of the interfac®, Rsp=A\gp/ o is the unit-area re- two-step procedure. In the first step, the self-consistent elec-
sistance of the normal-metal film with conductivity2 (per  tronic structure(spin densities and potentialef the system
spin and thickness\gp, the spin-diffusion length; and is ~ was determined using the layer TB-LMT@ght-binding lin-

the actual thickness of the normal-metal layer. The last ternear muffin-tin orbital surface Green's function(SGH

on the right-hand side of Eq8) accounts for impurity, de- method in the atomic-sphere approximatiohSA).32 The
fect, or phonon scattering in the normal met&icattering in ~ exchange-correlation potential in the Perdew-Zuftea-

the ferromagnet on length scales longer than the transverggmetrization was used. The atomic-sph@®) potentials of
spin-coherence length does not modify the resi¢hen  four monolaygrs on either side of the magqetic laf@rin- .
spin-flip scattering in theN layer vanishes)gp— o, Al! terface were iterated to self-consistency while the potentials
—0 (i.e., the backflow spin-current completely cancels theof more distant layers were held fixed at their bulk values.

pumping effect and the magnetization dynamics is not B€cause both of the systems we consider, A@WE® and
modified at all. Cu/Cd111), are nearly ideally lattice matched, common lat-

A similar analysis can be applied to magnetic damping intice constants were assumed for both metals of a given struc-

more complex multilayer systeri$. For example, in an tUré: Acyco=3.549 A andayre=12x2.866=4.053 A. In
F/N/F structure the presence of two ferromagnetic layerdn€ Second step, the AS potentials serve as inputs to calculate
can make damping possible for each individual layer even irfcattering coeff|C|er23t§,4 using a recently developed scheme
the absence of spin-flip relaxation in the system. In this casd?@Sed on TB-MTOS>=4=*Disorder is modeled by allowing
each magnetic layer acts as the sink for the spin currerft "umber of interface layers to consist\gf ;. alloy which
pumped by the other layer. If the structure is weakly excitedS Modeled using repeated lateral supercells. Because a mini-
from a collinear equilibrium state, and the individual ferro- M@l basis set o6, p andd orbitals is used, we are able to

magnetic resonances are well separated, then a different df€at lateral supercells containing as many as 200 atoms in
fective conductance enters Ed8) and (7). Instead of the which the two types of atoms are distributed at random in the

L. all - =11 appropriate concentration. For disordered interfaces, the AS
SumA;"+Ay", for the two magpnetic films, the quantNE,N,F potentials were calculated self-consistently using the layer

with CPA approximation in which each layer can have a different
1 1 1 1 28 L alloy compositior??
- Tt et (9) Little is known from experiment about the atomic struc-
Alye 91 91 & h o ture of metallic interfaces. We model “dirty” interfaces with

i i one (for N/F/N system or two (for single N/F interface$
di?fmed for the globally diffuse system should be used, whergqmic |ayers of a 50%-50% alloy. Such a model is probably
g, is the mixing conductance for thith F/N interface.  reasonable for Gy/Coy, because of the nearly perfect lat-
Equation(9) can be intuitively interpreted in terms of resis- tice match and structural compatibility. The situation is, how-
tances in series: in order to bg absprbed, thelrspln curreRler. more complicated for Au/Fe,. because of the large
must be pumged through the firSIN interface(g;| renor-  gifference in AS sizes for Au and Fe with Wigner-Seitz radii
malized by 2jy), propagate across the normal lay&ro  of 2 99 and 2.67 Bohr atomic units, respectively. We have
term), and enter the second ferromagnet through the othefssumed here that the disorder is only substitutional and that
interface(g?] renormalized by gy"). The formula forAlj,.  the diffused atoms occupy the AS of the same size as that of
can be straightforwardly derived using the spin-diffusion apthe host element. In the Au/Fe/Au case, where the alloy is
proach of Ref. 5. It is worthwhile pointing out that it remains only 1 atomic monolaye(ML ) thick, we assume that the Fe
correct for nondiffusive normal metal spacées— =) if the  atoms diffuse into Au. While the validity of this model can
interface disorder is sufficient to suppress any quantum-sizee questioned, the insensitivity of the final results to the de-
effects(see Ref. 2b tails of the disordefe.g., one versus two monolayers of al-

The effect of spin-dependent scattering on the time evoloy) indicate that this is not a critical issue. The layer-
lution of the magnetic order parameter is therefore mostlyresolved magnetic moments for single interfaces are given in
governed by three parameters: the reflection and transmiJable I. They agree well with values reported previously in
sion mixing conductances of the ferromagnetic lagerand  the literature?®-38
gtn, and the Sharvin conductance of the normal meﬁl The two-dimensional Brillouin zon&D BZ) summation
We noted beforkthat these quantities are in principle acces-required to calculate the mixing conductances using Ejs.
sible to ab initio electronic-structure calculatior32%2”In  and(5) was performed using-mesh densities correspond-
the following we demonstrate this by studying two represening to 1¢* points in the 2D BZ of a X 1 interface unit cell.
tative N/F material combinations: Au/F@01) and The uncertainties resulting from this BZ summation and

064420-3



ZWIERZYCKI et al. PHYSICAL REVIEW B 71, 064420(2005

TABLE |. Layer-resolved magnetic moments in Bohr magne- [ ? LA L L
tons for singleN/F interfaces(N=Au, Cu;F=Fe, C9. 0.10F t -
g S( o] ,’,ll| eeRe (GTl )
L i
N/F Au/Fe Cu/Co — 005k |
Layer Clean Dirty Clean Dirty E !
.G iV
my(bulk) 0.000 0.000 0.000 0.000 2 l.
1]
my(int-4) 0.000 0.000 0.001 0.000 = )
my(int-3) 0.001 —0.003 —0.000 —0.003 -
my(int-2) —0.002 0.010 —0.004 —0.003 r
my(int-1) 0.064 0.026 0.006 0.010 -0.10 Au/Fe/Au
me(int-1) 2.742 1.410 b e
0 5 10 15 20 25 30 35
my(int+1) 0.128 0.036 d(Fe) (ML]
me(int+1) 2.687 2.691 1.545 1.540 FIG. 2. Transmission spin-mixing conductance of a Au/Fe/Au
mg(int+2) 2.336 2.396 1.635 1.596 (00Y) trilayer with perfect interfaces as a function of the thickngss
me(int+3) 2.325 2.363 1.621 1.627  of the Fe layer.
me(int+4) 2.238 2.282 1.627 1.624
me(bulk) 2.210 2.210 1.622 1.622 the magnetic layefquantum-size effegt The first factor de-

termines the amplitudes of the oscillations dfat Gh) the
asymptotic values, while the second is responsible for the
from impurity ensemble averaging are of the order of a fewobserved periodicity. In order to better understand this, it is
times 162Q*m™2, which is smaller than the size of the sym- instructive to interpret the transmission and reflection coeffi-
bols used in the figures. cients of the finite-size magnetic layer in terms of multiple
scattering at the interfaces. We first note that both Cu and Au
have only one left- and one right-going state at the Fermi
level for each value oIE” and spin so that the summations in
Figures 1-4 show howG; —(ezlh)gH and GTl Egs. (4) and (5) reduce to integrations over the 2D BZ in-
(eZ/h)gTl depend on the thlckne$isof the magnetic layer volving the complex-valued functionS’(IZH) andt"(IZ”). Re-
(measured in atomic layeror specular(k” preserving Au/  taining only lowest-order thickness-dependent terms, drop-
Fe/Au001) and Cu/Co/C(L1]) systems. Both quantities ex- ping explicit reference tdxH and to the primes otl, we then
hibit oscillatory behavior with, however, noticeably different have
periods and amplitudes. The values of bﬁi’h and GtTl are

IV. RESULTS AND DISCUSSION

determined by two factors: the matching of the normal metal U=t AR (10
and ferromagnetic metal states at the interfat@scribed by
the scattering coefficients of the single interfa@ad the r%=r{_n+tE_NATE AT F (12

hases accumulated by electrons on their passage throu . _ .
P y P g a/heret‘,ﬂﬁF (t7,... t9) T is a vector of transmission coeffi-

cients between a single propagating state in the normal metal

rrrTToTT LA AL B rrrTT T T
0481 N and a set of states in the ferromagn¥f,is a diagonal matrix
0.45_—W-_ 0.60 T T | | ]
— r r 1
o i —eo ] 0.57| .
e oer Re (Gpy ) - VALV 2V SRy S
' L r J 0.54- B
.@G ( O_OIm(GTJ«) 1 I r ]
2 0.03f . ¥ 051 —eRe (GN ) ]
< | a0 ] "o 048f
O] 0.00 50 o 09.000/ AT \.,0“.0--__,\ NN o o o-oIm (G )
[0 ] o 0.03F § P o ™
L 4 = N o] \ \ \ 4
-0.03F Au/Fe/Au . 2000120 Y Y VAYAYAC AV S
PR SRR EFRPIT AP PR IR B, © 1o
0 5 10 15 20 25 30 35 .0.03L!
d(Fe) ML] i Cu/Co/Cu
-0.06-! 4
FIG. 1. Reflection spin-mixing conductangeer unit arepaof a (;°- : '5 — -1'0- — -1' e 'o — -2'5- — -3'0- "
Au/Fe/Au001) trilayer with perfect interfaces as a function of the d(Co) [ML]

thicknessd of the Fe layer. In this and subsequent plots, mixing

conductances expressed in terms of number of conduction channels FIG. 3. Reflection spin-mixing conductance of a Cu/Co/Cu
per unit area are converted & 'm~2 using the conductance quan- (111) trilayer with perfect interfaces as a function of the thickness
tum €?/h, i.e., G =(€*/h)g; . of the Co layer.
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Al L e practically identical to that of the bulk material. The ampli-
tudes, on the other hand, are related to the interfacial scatter-
ing coefficients introduced in Eq§10) and (11). Analyzing

the scattering properties of the single interface enables us in
the following to understand why the amplitudes of oscilla-
tion of g‘T | are substantially larger than thosegﬂﬁ for the

two systems considered. We begin by noting that the trans-
mission probability for states in the majority-spin channel
assumes values close to one over large areas of the Brillouin
zone for both Cu/Co and Au/Fe, as illustrated in Fi@) Sor

-0.05 4

i Cu/Co/C ] the Cu/C@11]) interface. For Cu/Co, this results from the
0.10 i close similarity of the corresponding Cu and Co electronic
R S TR T R ST w— S structures. The situation is more complicated for Au/Fe be-
d(Co) [ML] cause the majority-spin Fermi surface of Fe consists of sev-

o o eral sheets, unlike that of Au. However, one of these sheets is

FIG. 4. Transmission spin-mixing conductance of a Cu/Co/Cumade yp of states which match well with the states in Au. In
(11 trilayer with perfect interfaces as a function of the thicknéss the minority-spin channel, on the other hand, the transmis-
of the Co layer. sion probability varies between 0 and 1; see Fig)5The

. maximum sizes of théabsolute value of the'spin-mixing”

of phase factorej1? (j is an index of the states in the products of Eqs(4) and(5) are therefore determined mostly
ferromagnet ry_,\ is a scalar reflection coefficient for states by the majority-spin scattering coefficients while the modu-
incoming from the normal metal, andl_- is a square matrix  |ation, as a function ok, is governed by the corresponding
describing reflection on the ferromagnetic side. The set ofinority-spin coefficients.

states in the ferromagnet consists of both propagating and The small reflectivity for the majority-spin states has a
evanescent states. The contribution of the latter decreasgfrect consequence for the values of the mixing conduc-
exponentially with the thickness of the layer. tances. In the case of , the second term under the sum in

Concentrating first on the thickness dependena ofwe  Eq. (4) will typically have a negligible magnitude. This fol-
notice that, in view of Eq(10), the summation in Edg) IS lows directly fromr], =0 and Eq(11) and is illustrated in
carried out over terms containing phase factefg:.)d, Figs. 5c) and 5d) for ther)_\ri .n term. As we can see,
Because of the large differences between majority and mithe only nonzero contributions in this case come from the
nority Fermi surfaces of the ferromagnet, this typically leadsouter regions of the Brillouin zone, where states from the
to rapidly oscillating terms which mostly cancel out on sum-normal metal are perfectly reflected because of the absence
ming overk;. It can be argued in the spirit of the theory of ~ of propagating majority-spin states in the ferromagnet. Inde-
interlayer exchange couplifiythat the only long-range con- pendently varying phasdas a function ok) for “up” and
tributions originate from the vicinity of points for which “down” reflection coefficients leads, in the course of integra-
VkH(kL—kﬁFO. corresponding to the stationary phase oftion overk, to additional cancellation of already small con-
the summand in Eq(5). These contributions will then ex- tributions. The final outcome is that the vaIuesg?[ are
hibit damped oscillations around zero value as seen in Figs. @etermined mostly by the first term in the Ed), i.e., the
and 4. Sharvin conductance of the lead.

Turning tog’N, we find on substituting Eq.11) into Eq. Because the interface transmission in the majority-spin
(4) that there are two thickness-independent contributionschannel is uniformly large almost everywhere in the Bril-
The first comes from summing th%,,term in Eq.(4) and is  louin zone, the transmission through the magnetic layer also
nothing other than the number of states in the normal metalemains large for arbitrary thicknesses, and its magnitude
(i.e., the Sharvin conductanceélhe second comes from the (but not its phaseis only weakly modulated by the multiple
rl_.nfi . term and provides an interface-specific correctionscattering within the layer. The magnitude of tfie” prod-
to the first. Superimposed on these two is the contributioruct is then modulated mostly by the variation of the trans-
from the thickness-dependent terms which, to lowest ordemnission in the minority-spin channel, as a functionkef To
contain phase factorg®1*K/)d and ek *)d, Just as in  demonstrate the effect of the interface scatteringonval-
the case ofg};, one can argue that the integral over theseues of the produdt,ti are shown in Figs. ®) and 5f) for
terms will have oscillatory character. However, the oscilla-a Cu/Co(111) interface. Heret}, is defined as the scalar
tions will have different periods and occur around the con{roduct of the interface transmission vectorss,
stant value set by the first two contributions. It is clear that=tf_-t{_r. As one can see, the values assumed by the real
the value approached asymptotically b, is simply the —and imaginary parts of this product vary strongly throughout
reflection mixing conductance evaluated for a single interthe Brillouin zone. Unlike the case @f |, however, the val-
face. ues span the entire range from -1 tdl. An imbalance of

The period and damping of oscillationsg@lf andg', asa positive and negative contributions is therefore more likely
function of the magnetic-layer thicknessclearly depend to produce a sizeable integrated value. The complex values
(through theA“) on the electronic structure of the internal of t't!" are further modified by thickness- aﬁgdependent
part of the magnetic layer, which for metallic systems isphase factors discussed above, which leads to the oscillatory
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FIG. 5. (Color) Plotted within the first Brillouin zone for the Cu/CHl1) interface are transmission probability f@ majority spins and
(b) minority spins.(c) The real andd) imaginary parts ofLHNr#,LN. (e) The real andf) imaginary parts ofiTmtiin*t wheret =t7_-t}_F as
discussed in the text. Note the different scales for pafaland (b) and for (c)—(f).

damping seen in Figs. 2 and 4. We compare the magnitud€he thicknessl in this case is that of the clean ferromagnetic
and damping of these oscillations with those derived from dayer. For both material systems, the effect of disorder is to
free-electron model in the Appendix. strongly reduce the amplitudes of the oscillations. The reflec-
Figures 6 and 7 show the same quantiﬂ@$l and G‘T ) tion mixing conductance becomes practically constant at the
calculated in the presence of disorder modeled by one mondevel of its asymptotidi.e., interfacial value. ForG‘u, the
layer of 50% alloy added on each side of the magnetic layemscillations are not entirely damped out but their amplitude is
For both systems we have usedX00 lateral supercells. substantially reduced. In fact, the vaIuesG}fl become neg-

T 060 T T T
0.481- = - t L ] L t
: : 0.10 e—eRc (G’N, ) 0.57_M_ 0.20_ e eRe (GTJ/)_
0.451 ] I t 0.54- ] t
- T vd o o--0 - r { —015F0-0Tm -
o~  [e—eRe(Cy))] sgoos oTeIm Gl e ere(ey)] TN (Gpy)
'€ 0421 ro 4 = L 1 e ] o=
- I o- I - F o- 1 & 010 -
a [oeIm(Gp)] o 0.00—3@2%&%&9— 04l @ 0 Im(Gy )] I N ]
wn (] w0
i . 7 = L ] "o 0.03F 1 - L i
2 0.03F 1 % 2 003 ] =oos “b
20 1 ©-005- - _20. O K |
[0} [ o . O0 000000 s 0 ] 0.00 >
0.00_ ] L ] _0.03-_00.00’00-0.0,0.0_- | [} |
003l Au/Fe/Au o o1 Au/Fe/Au 1 006t Cu/Co/Cu] 005 Cu/Co/Cu A
L0 0 L ] L1 I TR e v v by 1 T T T T TR R R
0 é 1IO 5 10 0 5 10 5 10
d(Fe) [ML] d(Fe) [ML] d(Co) [ML] d(Co) [ML]
FIG. 6. Spin-mixing conductances of a Au/Fe/fQ01) trilayer FIG. 7. Spin-mixing conductances of a Cu/Co/Qd1) trilayer
with disordered interfaces as a function of the thickrebs$the Fe  with disordered interfaces as a function of the thickrbe$the Co
layer. layer.
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TABLE Il. Interface conductances in units of PO~ m=2

System Interface G! G! ReG!, ImG, Gy Gel Gel
Au/Fe clean 0.40 0.08 0.466 0.005 0.46 0.83 0.46
(001 alloy 0.39 0.18 0.462 0.003
Cu/Co clean 0.42 0.38 0.546 0.015 0.58 0.46 1.08
(111 alloy 0.42 0.33 0.564 —0.042
. ' : . -
ligible compar_e.d to R@, for all but j[he t_hmnest magnetic ﬁ)’REAHN/F
layers. In addition, we expect that diffusive scattering in the Qei—a=————— | (12
bulk of the magnetic layer, which for simplicity has not been 4mMd

included here, will have a similar effect.

In view of the above results, we conclude that in a typicalwherea~0.0046 is the damping measured for a single layer.
situationAl! %g%l' Whereg?l can be calculated S|mp|y for an US|n9407= 21,(,LB/ﬁ and the values of the interface and Shar-
interface instead of a complete structure. The results of sucin conductances from Table {ve assume that the values
calculations are listed in Table Il for clean and disorderecre the same for both Au/Fe interfagesg. (12) is compared
interfaces. The disorder here was modeled by 2 ML of 5094vith the experimental datain Fig. 8 for various assump-
alloy. In spite of this difference, the values are practicallytions abouto in (9). In the low-temperature limit and ne-
identical to the asymptotic ones seen in Figs. 1, 3, 6, and @lecting the residual resistivity of the Au layer,— =, Eq.

In particular, InG!, assumes values two orders of magnitude(12) yields the solid line which is seen to overestimate the
smaller than R&!,, with the latter being close to the Sharvin damping enhancement compared to the measured results.
conductance of the normal metal. This approximate equalityJsing finite values ofr will lead to lower values o' and,

results once again from a combination of amplitideall

indeed, it was found experimentalfthat lowering the tem-

[r']) and uncorrelated spin-up and spin-down phase effectsperature(increasing the conductivijyincreases the damping
The values given in Table |l differ somewhat from onesby as much as about 20%pen circle in Fig. 8 If we use
reported previously in Ref. 15. There are two reasons fothe room temperatur@RT) conductivity due to phonon scat-
this. First, the calculations in Ref. 15 were performed usingering in crystalline bulk Af? ¢,,=0.45x 108Q~*m™, the
energy-independent muffin-tin orbitals linearized about thedashed line is obtained which, as expected, is closer to the
centers of gravity of the occupied conduction states. Thé&RT measurements. The agreement with experiment can be

current implementatio}®® uses energy-dependentnon-

further improved by taking into account the possibility of

linearized MTO’s, calculated exactly at the Fermi energy non-negligible residual resistarfé®f the Au spacer. Assum-
which improves the accuracy of the method. Second, on peing, for example ges=0.45x 1080 'm™* and o,,,=0 would

forming the 2D-BZ integration in Eq4), it was assumed in

Ref. 15 that the contribution to the sum Eﬂ‘ points for 12— 5
which there are no propagating states in the ferromagnet I —— OK (0—se)
should be neglected. However, the lack of propagating states 1.0 -—— RT(o=0,,) =
in the ferromagnet does not necessarily prohibit the transfer | »—x AuFe/vac (clean) el
of spin angular momentum which can be mediated by eva- 9 08 % AuFe/Vac (disordered) ,/’/ 7
nescent states, for example in the case of a magnetic insula- = | ,/' °
tor. The contribution from sucky pointsshouldbe included S 06 <6 7
in the 2D-BZ integration. = le=( -~
3 041 e -
A. Comparison with experiment e o oxp. RT

In Ref. 28, Urbaret al. reported room-temperatuf&T) 0z 0 exp. LT (77K) |

observations of increased Gilbert damping for a system con- 00' ” . . |

sisting of two Fe layers separated by a Au spacer layer. The
magnetization of the thinner of the two ferromagnetic layers
precesses in the external magnetic field. The other ferromag-
netic layer, with the direction of its magnetization fixed, acts
as a spin sink. No modification of the damping coefficient
was measured for configurations without a second Fe laye
The latter finding is consistent with the prediction given by
Eq. (8) in the Ngp—0 limit (well fulfilled for Au) as dis-
cussed in Sec. Il.

In the presence of a second Fe layer, B).should be

used. Neglecting IR leads toyes=y and the damping
enhancement
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FIG. 8. Enhancement of the Gilbert damping coefficient for an

Fe/Au/Fe trilayer as a function of @l/whered is the thickness of

Phe excited Fe layer. The filled circlés) are the RT values mea-
sured in Ref. 29 and the open off@) is a low temperature value
from Ref. 31. The theoretical predictions based on #8) for 0 K

(with o— o) are shown as solid and the RT-correctedth phonon
scattering ones as dashed lines. The results of 0 K calculations for
a Au/Fe/vacuum system are given by cros@eg and stardq*) for
specular and disordered interfaces, respectively. The value of the
Gilbert damping for a single Fe film is marked with an arrow.
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obviously yield the dashed line in the figure while taking TABLE lll. Density of states at the Fermi level, Stoner enhance-
Ores= 0ph=0.45X 100 Im™ and 1llo= 1/opest Llopn will ment factor, and typical Sharvin conductances for bulk fcc Cu, Pd
yield a line very close to the measured points. and Pt and bcc Ta. Typical values of the Stoner paramigtewere
The theoretical results represented by the straight lines ifken from Refs. 45 and 46.
Fig. 8 are based upon the asymptotic, single-interface value
of G}, from Table Il, assuming3;, to be zero. To study Cu Ta Pd Pt
possible size-dependent corrections in thin films, the exp(.erl-'D(SF) [statesiRy atom spip] 2 10 15 12
mental system needs to be represented by a more realistic 1
model than the symmetrid/F/N structures discussed in the [Sl_D(SSF)_llxc] 5 1.1 1.9 4.4 2:2
previous section. The Au/Fe/GaAs structure used in Ref. 28 G°(10°0™m™) 058 097 062 068
differs from these in two important respects. First, the trans-
mission mixing conductanc(eg} |) is identically zero because level (see Table Ill and are known to be close to a ferro-
of the insulating substrate. Second, because the reflection isagnetic transition as expressed by the susceptibility en-
perfect forboth spin channels, the thickness-dependent term&§ancemeny/ xo=[1-D(ef)l, ]}, also included in the table.
in Eq. (11) have larger amplitudes, leading to more pro-To calculate this factor, typical values of the Stoner param-
nounced oscillations off, than those seen in Figs. 1 and 3. eter,l,, were taken from Refs. 45 and 46. _
To estimate the variation which can result from size- To examine whether enhancements of the Gilbert damp-
dependent corrections, we have performed a series of calciRg parameter recently report€d® for thin layers of Ta, Pd
lations for a Au/Fel/vacuum structure, using vacuum instea@nd Pt compared to Cu are related to their large Fermi level
of GaAs for simplicity. The mixing conductance for the other densities of states, we nee_d to reexamine how the elgctronlc
Au/Fe interface is kept at its asymptotic val(@ble 1)) The ~ Structure enters our description of the Gilbert damping. In
results for perfec(speculay structure<* marked in Fig. 8 the SPin-pumping formulation, the quantities determining the
with black crosse$x), exhibit oscillations of non-negligible ﬂﬁsrglia(;rr]]gaﬁgngggm)in%%igngér?(fﬁcftgr?geg dz[?;remsir?:é ]E:gnms-
amphtude abqut the asymptotic values given by the solid IIn(?he scattering matrix. In most situations, we have seen, the
(arbitrarily taking the low-temperature regime, i@+~ for

. . . - former is negligible and the latter r its real par
reference The introduction of interface disordéwo ML of ormer is negligible and the latter reduces to its real part,

. . ; ReG!, which in turn is very close to the Sharvin conduc-
50%-50% alloy yields values for the dampinigstars(+) in  t3nce of the normal metal. Values of this quantity are given
Fig. 8] essentially averaged back to the limit given by the

| ) - for Cu, Ta, Pd, and Pt in the last row of the Table. It is seen
single-interface calculations of Table Il. o that the Sharvin conductance changes less Biag). More

We have thus demonstrated that direct first-principles calgjgnificantly, with a maximum for Ta, the trend does not
culations can produce values of the damping coefficient iorrespond to that observed experimentall§® Cu— Ta
the same range as those measured experimentally. What is pd— Pt. We believe that the explanation should be sought
more, by taking into account various other sources of scatelsewhere, possibly in the increasing spin-orbit interaction
tering in the Au spacer and/or quantum-size effects, the calwhich will lead to the heavier materials behaving as more
culations can be brought into very close agreement with exefficient spin sinkg:®> To examine this suggestion in detail
periment. A more definitive quantitative comparison with from first principles requires a formulation of the theory to
experiment would require a detailed knowledge of the microwhich the spin-orbit interaction can be readily added.
scopic structure of the experimental system which is cur-
rently not available. C. Spin-current-induced torque

The mixing conductances calculated above, which de-
scribe how a spin current flows through the system in re-
sponse to an externally applied spin accumulajidmaefined

The input parameters of spin pumping theory are scatteras a vector with length equal to half of the spin-splitting of
ing matrix elements which are computed using the effectivéhe chemical potentialfu|=(u;—u,)/2], also describe the
potential of Kohn-Sham theory. This potential is calculatedspin torque exerted on the moment of the magnetic |éyee
self-consistently and includes electron-electron interactiore.g., Refs. 15, 17-19, and 2Zonsider, for example, the
effects via an exchange-correlation potential approximatedituation where the spin accumulation has been induced by
using the local spin density approximation, and the Hartresome means in the left lead only and the ferromagnet is
potential. In particular, the modification of interface param-magnetized along theaxis. The spin current incident on the
eters as a result of magnetic moments being induced in thaterface is proportional to the number of incoming channels
normal metal by proximity to a ferromagnliscussed in the in the lead };1=(1/27-r)gﬁhu whereas the transmitted spin cur-
Appendix of Ref. 13 is already included in our results in a rent is given by?
self-consistent and nonperturbative manfsee Table)lL For

B. Material dependence

the Cu and Au normal metals we have considered, this effect Reg‘w Imgt” 0

is small. Expressed in terms of a Stoner enhancement, this is R _ 1|~ Imgtn Reg}, 0 13
related to the low Fermi level densities of statB$gg), of out™ 5 g +gt K (13)
these metals. Viewing it in this way poses the question of the 0 0

possibility of finding much larger effects for materials such 2

as Pd and Pt which have a large density of states at the Ferrand the reflected spin current by
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G¥'-Ref, g, 0 e e
Sh e A— i
L1 Img},  on'- Reg, 0 A:4eV
out™ 5 < gT+gl oo\ iy /N T A=6eV ]
O 0 gN - ,_E —\\\ N . J
2 u‘sq 'vd\ o ) N A iy
(14) 2 WA X
whereg’=3,,,/t7.|? are the conventional Landauer-Biittiker ©
conductances. Therefog%l determines the transverse com- Free electrons
ponent of the transmitted spin current subject to precession i

and absorption within the magnetic layer. Similarly, the real
and imaginary parts iy~ g} =Smd | i are related to the
components 01: the re];lr?Ct?d tr_ansverse_ spin purrent. The FIG. 9. The real part oG‘Tl calculated for a free electron model
rapid decay Ogu (_andgN _‘gu) d!scussed In previous para- -, eg=7 eV (energy measured from the bottom of the parabolic
Qfap,hs as a function of .|ncreaS|ng magnetic layer thICI(neséonduction band in the normal metand various choices of the
implies that the absorption of the transverse component of,cnange spiitting. The interlayer distance is taken to be the same
the spin current occurs within a few monolayers of M 55 for the Cu/CEL1D) system. The results of the first-principles
interface. In particular we find that the presence of the distgiculations(®) from Fig. 4 are included for comparison.
order improves the effectiveness of the absorption. The limit

t r Sh B P
gﬂ_’o. andgﬂ—>gN correspond§ to thg situation .where al the imaginary part of the mixing conductance and bulk con-
of the incoming transverse polarized spin current is absorbegibutions to the torque are very small
in the magnetic layer. The torque is then proportional to the y '
Sharvin conductance of the normal metal. As demonstrated

15 20 30 85
d[ML]

in Figs. 1-4, 6, and 7 this is the situation for all but the ACKNOWLEDGMENTS
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monly usedN/F combinations: Au/Fe and Cu/Co. In both \jagnetoelectronicgContract No. HPRN-CT-2000-001%3
cases, the transmission mixing conductamse is much  py the NEDO International Joint Research Grant Program
smaller than the reflection mixing conductangie, except  Nano-Magnetoelectronicsand by The Harvard Society of
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is more sensitive to disorder, even a small amount of which

reduces it to zero while having only a small effectgm as APPENDIX: COMPARISON WITH A FREE-ELECTRON

shown in Figs. 6 and 7. For all thicknessesgRe-Img’ MODEL
. e . ) ]
and Re@; is very close to its interfacial valug.e., the mix-
ing conductance of the infinitely thick magnetic fjlnThe A combination of interfacial and bulk dephasing mecha-

general formulag6) and (7) predict that the spin pumping nisms, discussed in Sec. IV, ensures that in the asymptotic
renormalizes both the Gilbert dampifg) and the gyromag- (thick magnetic layer limit the spin-pumping mixing-
netic ratio(y) of a ferromagnetic film embedded in a con- conductanceA'!, reduces to the reflection mixing conduc-
ducting nonmagnetic medium. However, in view of the re-tancegh, with the latter quantity assuming values which are
sults discussed in the previous section, we conclude that, fg@redominantly real and equal to those determined for a single
all but the thinnest and cleanest magnetic layers, the onl{/F interface. Thinner layers exhibit oscillatory behavior
effect of the spin pumping is to enhance the Gilbert dampingwhich is most pronounced detN (Figs. 2 and & The am-
The correction is directly proportional to the real part of theplitude of oscillation, however, is at most 20% of the
reflection mixing conductance and is essentially an interfac@symptotic value oG% , and decreases to less than 5% for
property. We also find that oscillatory effects are averagedayers more than 10 ML thick. This fast decay, found even
out for realistic band structures, especially in the presence dbr clean, fully coherent structures, contrasts with results re-
disorder. Rg}, (which determines the damping enhancemengported in Ref. 14 for a free-electron model. For thin layers,
of a single ferromagnetic film embedded in a perfect spinMills found the damping coefficient oscillated with ampli-
sink medium is usually very close t(gﬁh for intermetallic  tude in the range of 80% of the asymptotic value and, for
interface$>1° [being in general bounded byg?' according layers several tens of MLs thick, it was still of order 10%.
to its definition, Eq.(4)]. These results also apply to the This feature of the free-electron model is illustrated vividly
spin-current-induced magnetization reversal in intermetallidn Fig. 9 by comparing R&! ) for Cu/Co/Ci111) from Fig.
systems, indicating that the “effective field” correction due to4 with the corresponding results calculated for free electrons.
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In our free-electron calculation, the Fermi energy in the noncomplex electronic structure of transition metals onto single
magnetic material was taken to be 7 eV in order to obtain théand models in a meaningful way. Free-electron models do
correct value for the Sharvin conductance of Cu and the efnot adequately describe the effectiveness of the thickness-
fect of changing the exchange splittingof the ferromagnet dependent “bulk” dephasing in the ferromagnet. What is
was studied. FoA=2,4,6 eV, the amplitude of oscillation is 5 e they also cannot reproduce the complex spin- and

much larger and the decay is much slower than what we fin . . L
for the more realistic multi-band electronic structures. Aski-dependence of the interface scattering coeffici¢ititss-

might be expected, increasing the exchange-splitting from 3@ted in Fig. § which results from the mismatch of the
to 6 eV leads to a shorter period and more rapid decay of thBormal metal electronic structure and the quite different
oscillations. However, in order to mimic the parameter-fregmajority- and minority-spin electronic structures of a ferro-
result, an exchange splitting in the range of 10 eV would bénagnetic metal. For single band free-electron models, the
needednot shown in the figure Such a large value cannot interface scattering coefficients contain much less structure
be justified either on theoretical or experimental groundsand consequently this model fails to take into account even
This discrepancy illustrates the difficulty of mapping the qualitatively the dephasing effect of the interface.
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