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Spin waves in ultrathin ferromagnetic overlayers
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The influence of a nonmagnetic metallic substrate on the spin-wave excitations in ultrathin ferromagnetic
overlayers is investigated for different crystalline orientations. We show that spin-wave damping in these
systems occurs due to the tunneling of holes from the substrate into the overlayer, and that the spin-wave
energies may be considerably affected by the exchange coupling mediated by the substrate.
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I. INTRODUCTION

Recent advances in materials growth techniques and
cise control of deposition processes have enabled produc
of multilayers with excellent interfacial quality.1,2 Presently,
it is possible to grow ultrathin magnetic films on a substra
regulating the film thickness very accurately. Epitaxial film
with very well-defined thicknesses, showing virtually n
layer thickness fluctuation over macroscopic distances, h
been fabricated.1 The ability to control film thicknesses with
such accuracy, together with the freedom to choose diffe
substrates with distinct crystalline orientations, broadens
spectrum of magnetic responses, and makes these sys
highly attractive for technological applications.

The magnetic behavior of ultrathin films is strongly a
fected by spin-wave excitations. Hence, the study of s
waves in these structures is important for understanding t
magnetic properties and characteristics. In fact, spin wave
ultrathin films have been extensively studied, both exp
mentally and theoretically.3–5 At low temperatures, for in-
stance, the magnetization reduction is basically controlled
long-wavelength spin waves. Thus, measurements ofM (T)
can provide useful information about spin-wave excitatio
in low-dimensional magnetic structures. Other experimen
techniques such as Brillouin light scattering6 and ferromag-
netic resonance7 give more direct information about long
wavelength spin-wave excitations, and have been larg
used to characterize and study the magnetic behavior of
films. A good account of some of these experimental me
ods applied to magnetic thin films can be found in Ref. 8

Generally, the energy of a long-wavelength spin wa
propagating with wave vectorq is given by E5D(q̂)q2,
whereD(q̂) is the exchange stiffness constant. In a relativ
thin magnetic layer, spin waves are excited with wave v
tors qi parallel to the layer, and for certain crystalline orie
tations, the spin-wave energies may depend strongly u
the direction ofqi ,9 due to lattice anisotropies.

Inelastic neutron-scattering measurements provide ac
to wave vectors within a broader region around the Brillou
0163-1829/2001/63~17!/174401~6!/$20.00 63 1744
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zone center, but they are more difficult to perform in ultr
thin films due to the relatively small scattering volum
involved.10 More recently, spin-polarized electron energ
loss spectroscopy appears as a promising technique to p
short-wavelength spin waves, and is expected to provide
evant additional information on the magnetic response
thin films.11

It has been shown12 that spin-wave lifetimes in ultrathin
ferromagnetic films can be substantially affected by the pr
ence of a nonmagnetic substrate. By considering a mo
layer of a strong ferromagnet on a surface of a noninterac
metallic substrate, Phanet al.12 showed that spin waves in
the overlayer become critically damped. Such behavior
been attributed to the decaying of spin waves into electr
hole pairs due to the tunneling of holes from the substr
into the magnetic overlayer. The substrate also affects
spin-wave energy, and modifies the region inqi space where
it follows a quadratic behavior.

Here we pursue these ideas and investigate the influe
of a nonmagnetic substrate in spin-wave excitations in ul
thin ferromagnetic overlayers for different crystalline orie
tations. We consider a monolayer of a strong ferromag
both on~100! and~110! surfaces of a semi-infinite nonmag
netic metallic substrate. By artificially reducing the electr
hopping between the substrate and the overlayer we ex
itly demonstrate that the spin-wave damping is really due
the tunneling of holes from the substrate into the overlay
as previously pointed out by Phanet al.12 For the~110! over-
layer we have found that the spin-wave energies dep
upon theqi direction, but such dependence is much less p
nounced than previously found for unsupported monolay
This is due to the enhancement of the exchange coup
between the local moments in the overlayer mediated by
substrate, which strongly affects the spin-wave energies.

This paper is organized as follows: in Sec. II we brie
review the theory we have used to calculate the spin-w
energies and lifetimes in overlayers. In Sec. III we pres
our results and discussions, and finally, in Sec. IV, we dr
our main conclusions.
©2001 The American Physical Society01-1
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II. TRANSVERSE SPIN SUSCEPTIBILITY

The spin-wave spectrum of itinerant ferromagnets can
obtained from the dynamical transverse spin susceptibili

x12~q,v!5(
j
E

2`

`

dt e2 ivte2 iq•~Ri2Rj !x i j
12~ t !, ~1!

where x i j
12(t)5^^Si

1(t);Sj
2(0)&& is the time-dependen

transverse spin susceptibility in real space given by the t
particle Green’s function

x i j
12~ t !52 iQ~ t !^@Si

1~ t !,Sj
2~0!#&. ~2!

Here,Si
1 (Si

2) is the spin raising~lowering! operator at site
i, the brackets denote a commutator,^ . . . & represents the
thermodynamical average, which at zero temperature,
duces to the ground-state expectation value, andQ(t) is the
usual step function given by

Q~ t !5H 0 if t,0

1 if t.0.

The exact calculation ofx i j
12(t) involves the solution of

an infinite set of coupled equations that in general is
possible to find. However, the random-phase approxima
~RPA! provides a useful decoupling scheme that allows o
to solve such equations and obtain the spin-wave ener
rather accurately. To find an expression forx i j

12(t) within
the RPA, we follow Refs. 13 and 14 and define the s
operators

Si j
15ai↑

† aj↓ ,

Si j
25ai↓

† aj↑ , ~3!

whereais
† (ais) creates~destroys! an electron with spins at

site i. UsingSi j
6 , one may define a generalized susceptibil

x i jkl
12~ t !5^^Si j

1~ t !;Skl
2~0!&&. ~4!

Clearly, the transverse spin susceptibility we wish to cal
late isx i j

12(t)5x i i j j
12(t). In order to calculate it, we conside

that the electronic structure of the system is described b
simple one-band Hubbard Hamiltonian

H5(
i j s

t i j ais
† aj s1(

is
e inis1(

i
Uini↑ni↓ , ~5!

where t i j is the hopping integral between sitesi and j (t i i
50), e i is an atomic energy level,Ui represents the effectiv
Coulomb interaction between two electrons on the same
i, andnis5ais

† ais is the corresponding electronic occupati
number.

In this case,x i jkl
12(t) obeys the following equation of mo

tion:
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dx i jkl

12~ t !

dt
5d~ t !^ai↑

† al↑d jk2ak↓
† aj↓d i l &

1(
n

@ t jnx inkl
12~ t !2tnixn jkl

12~ t !#

1U j^^@ai↑
† aj↓aj↑

† aj↑#~ t !;Skl
2~0!&&

1Ui^^@ai↓
† ai↓ai↑

† aj↓#~ t !;Skl
2~0!&&. ~6!

The appearance of higher-order Green’s functions lead
an infinite chain of coupled equations forx i jkl

12(t) that can be
decoupled using the RPA, which consists of replacing

ais
† aj s8akj

† al j8'^ais
† aj s8&akj

† al j82^ais
† al j8&akj

† aj s8

1^akj
† al j8&ais

† aj s82^akj
† aj s8&ais

† al j8 .

~7!

Here, the expectation values are evaluated in the Hart
Fock ground state, where the dynamics of the two spin p
jections are treated independently. As a result, the averag
products of two operators associated with opposite sp
vanishes. Therefore, one obtains

i\
dx i jkl

12~ t !

dt
5d~ t !^ai↑

† al↑d jk2ak↓
† aj↓d i l &

1(
m,n

~d imt jn2d jntmi!xmnkl
12 ~ t !

1(
m,n

dmnUm~d im^ai↓
† aj↓&

2d jm^ai↑
† aj↓&!xmnkl

12 ~ t !. ~8!

The Fourier transform of Eq.~8! then reads

\vx i jkl
12~v!5Di jkl 1(

mn
@Ki jmnxmnkl

12 ~v!1Ji jmn8 xmnkl
12 ~v!

1Ji jmnxmnkl
12 ~v!#, ~9!

whereD̂, K̂, Ĵ8, and Ĵ are four-indices matrices defined b

Di jkl 5^ai↑
† al↑d jk2ak↓

† ak↓d i l &,

Ki jkl 5d ikt j l 2d j l tki ,

Ji jkl 5dklUk~d ik^ai↓
† aj↓&2d jk^ai↑

† aj↑&!,

Ji jkl8 5d ikd j l ~U j^nj↑&2Ui^ni↓&!. ~10!

The matrix elements of the product of two of such matric
is given by (ÂB̂) i jkl 5(mnAi jmnBmnkl . Thus, we may rewrite
Eq. ~9! in matrix form as

\vx̂12~v!5D̂1~K̂1 Ĵ1 Ĵ8!x̂12~v!. ~11!

This equation may be also rewritten as

x̂12~v!5x̂HF~v!1x̂HF~v!P̂x̂12~v!, ~12!
1-2
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SPIN WAVES IN ULTRATHIN FERROMAGNETIC OVERLAYERS PHYSICAL REVIEW B63 174401
where P̂5D̂21Ĵ, and x̂HF(v) represents the susceptibilit
x̂12(v) calculated within one-electron theory, i.e., in th
Hartree-Fock~HF! approximation.x̂HF(v) satisfies the fol-
lowing equation:

\vx̂HF~v!5D̂1~K̂1 Ĵ8!x̂HF~v!. ~13!

Therefore, by using Eq.~10! we find

x i jkl
12~v!5x i jkl

HF ~v!2(
m

x i jmm
HF ~v!Umxmmkl

12 ~v!. ~14!

The dynamic susceptibilityx i j
12(t)5x i i j j

12(t) is then given
by

x i j
12~v!5x i j

HF~v!2(
m

x im
HF~v!Umxm j

12~v!. ~15!

In the HF approximation,↑- and↓-spin electrons are in
dependent, and an electron with spins at sitei is subjected
to the HF potential

e is5e i1Ui^ni 2s&. ~16!

It follows that x i j
HF(v) can be expressed in terms of the H

one-electron propagators as

x i j
HF~v!52^ai↑

† ~ t !aj↑&Gi j
↓ ~ t !1^aj↓

† ai↓~ t !&Gi j
↑* ~ t !,

~17!

where Gi j
s (t) is the time-dependent one-particle retard

Green’s function for electrons with spins, connecting sitesi
and j, defined by

Gi j
s~ t !52

i

\
Q~ t !^$ais~ t !,aj s

† %&, ~18!

where the braces denote an anticommutator. The correla
functions in Eq.~17! can be written in terms of the one
particle Green’s functions as

^ais
† ~ t !aj s&5

1

p E dv f ~v!Im Gji
s~v!eivt,

^aj s
† ais~ t !&52

1

p E dv f ~v!Im Gi j
s~v!e2 ivt, ~19!

where

Im Gi j
s~v!5

1

2i
@Gi j

s~v!2Gji
s* ~v!#. ~20!

After Fourier transforming Eq.~17! and using Eq.~19!
one obtains

x i j
HF~v!52

1

p E dv8 f ~v8!@ Im Gji
↑ ~v8!Gi j

↓ ~v81v!

1Im Gi j
↓ ~v8!Gji

↑2~v82v!#, ~21!

where Gji
s2(v) is the advanced one-particle Green’s fun

tion.
17440
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Since we are interested in multilayer structures hav
translational symmetry parallel to the layers, it is conveni
to work with a mixed representation by choosing our basis
Bloch sums in a single atomic planel defined by

f l~qi!5
1

Ni
(
j P l

w~Rj !e
iqi•Rj . ~22!

Here w(Rj ) denotes an atomic orbital centered at siteRj
P l , qi is a wave vector parallel to the layers, andNi is the
number of sites in this plane. Owing to the fact thatqi is a
good quantum number, the Hartree-Fock susceptibility
such a representation is given by

x l l 8
HF

~qi ,v!52
1

p E dv8 f ~v8!
1

Ni

3(
ki

@ Im Gl 8 l
↑

~ki ,v8!Gll 8
↓

~qi1ki ,v81v!

1Im Gll 8
↓

~ki ,v8!Gl 8 l
↑2

~ki2qi ,v82v!#.

~23!

Similarly to Eq.~15!, the in-plane dynamic susceptibility sa
isfies the following equation:

x l l
12~qi ,v!5x l l

HF~qi ,v!2(
m

x lm
HF~qi ,v!Umxml

12~qi ,v!.

~24!

It is noteworthy that Eq.~24! couples the susceptibility
matrix elements involving atomic planes withUÞ0 only.
Thus, for a magnetic film of finite thickness on a noninte
acting substrate, the set of Eq.~24! can be solved in matrix
form as

x12~qi ,v!5@ I 1xHF~qi ,v!U#21xHF~qi ,v!, ~25!

where@ I 1xHFU# is a matrix in plane indices having finit
dimension equal to the number of atomic planes of the m
netic film.

III. SPIN WAVES IN SOME OVERLAYERS

Within a single-band tight-binding model it would be pr
tentious to expect an accurate quantitative description of
magnetic systems. Nevertheless, such a simple model
tains the necessary physical ingredients for a good qua
tive analysis of the main electronic properties and charac
istics of metallic systems in general. Given the modelis
nature of our calculation, we have selected representa
parameters, rather than attempting to adjust them to fit a v
specific system.

We consider a monolayer of a metallic ferromagnet o
surface of a nonmagnetic semi-infinite metallic substra
The systems we have in mind are made up of transition m
als. Their electronic structures are described by the Ham
tonian given by Eq.~5!. In this case, our single orbital rep
resents a set ofd orbitals. We take into account hoppin
between nearest-neighbor sites only, and assume that it i
same (t i j 5t) both in the substrate and in the overlayer. Th
1-3
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BARBOSA, MUNIZ, COSTA, AND MATHON PHYSICAL REVIEW B63 174401
is a reasonable assumption for transition metals belongin
the same row of the periodic table. We examine overlay
placed on~100! and~110! surfaces of a simple cubic lattice
One may argue that transition metals do not crystallize
simple cubic lattices, but this is not essential for the type
effects we wish to address. With the intention to simulat
nonmagnetic substrate having a relatively large numbe
holes, we set the atomic energy levelse i and the effective
on-site Coulomb interactionsUi both equal to zero in the
substrate, and fix the Fermi energy atEF50.15. Here all
energies are measured in units of the nearest-neighbor
ping t. Such a choice of parameters gives a bulk subst
occupancyn51.06 e/at, and is appropriate for nonmagnet
transition metals with approximately half-filledd bands. In
order to describe a monolayer of a strong ferromagnet b
atop the substrate, we takeUi512 in the surface layer an
determine the surface-atomic energy leveles ~assuming a
common value ofEF! so that the overlayer has an electron
occupancyns51.68e/at ~suitable for Co in this single-ban
model!. The HF ferromagnetic ground state of the system
then calculated self-consistently. A relatively large value
U in the overlayer was chosen to guarantee a stable fe
magnetic HF ground state with a number of holes in
majority-spin band of the overlayer much smaller than in
minority one. The spin-wave spectrum is obtained by cal
lating the surface transverse spin susceptibilityx12(qi ,v),
using Eqs.~25! and ~23!.

First we study a ferromagnetic monolayer on a~100! sur-
face. Figure 1 shows Imx12(qi ,v) calculated as a function
of energyE5\v for several values ofqi along the@100#
direction in the surface plane. The lifetime of a spin wa
with wave vectorqi is inversely proportional to the width o
the peak of Imx12(qi ,v). Such width may be influenced b
the small imaginary parth usually added to the energy i

FIG. 1. Spin-wave spectrum for the~100! overlayer. The figure
shows Imx12(qi ,v) calculated as a function of energyE5\v for
several values ofqi5qxx̂ along the@100# direction. Solid line is for
qx50.042, dashed line forqx50.063, dot-dashed line forqx

50.083, and long-dashed line forqx50.166. All values ofqx are in
units of 2p/a, wherea is the lattice constant. The inset show th
corresponding spin-wave energies obtained from the position
the peaks of Imx12.
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numerical calculations ofx12(q,v). Our calculations for
the @100# direction were all made with the value ofh
5131022, and for the@110# direction we have usedh
5531023 for numerical convergence reasons. It is cle
from Fig. 1 that the spin waves in the overlayer beco
strongly damped for increasing values ofqi . The spin-wave
energiesE(qi) were obtained from the position of the pea
in Im x12(qi ,v). The inset in Fig. 1 shows thatE varies
quadratically withqi over a wide range of values in the firs
Brillouin zone.

The explanation for the spin-wave damping in the ov
layer, given in Ref. 12, is based on the tunneling of ho
from the nonmagnetic substrate into the majority-spin ba
of the overlayer. Without a substrate, the free-standing
romagnetic monolayer would have a well-defined Sto
gap, and the spin waves infinitely long lifetimes. The tunn
ing of holes from the substrate into the overlayer destr
this well-defined Stoner gap allowing the spin waves to
cay into electron-hole pairs. To prove that such an expla
tion is correct we have gradually disconnected the overla
from the substrate by artificially reducing the hoppingt'
5at between the surface layer and the substrate. We c
sider several values of 0<a<1, recalculating in each cas
the HF ground state self-consistently. The corresponding
ues of the surface layer magnetic moments are listed in T
I. As expected, the ground state magnetic moment slig
increases asa decreases. Figure 2 shows Imx21(E,qi), cal-

of

TABLE I. Magnetic moments of the surface layer~in units of
the Bohr magneton! calculated for different values of the hoppin
t'5at between the substrate and the overlayer. Except fora50 all
values ofms have been determined self-consistently.

a 1.0 0.8 0.6 0.3 0.1 0.0

ms 0.275 0.292 0.304 0.316 0.320 0.320

FIG. 2. Imx21(qi ,E) calculated as a function ofE5\v for a
fixed qi50.083 along the@100# direction, and different values o
the hoppingt'5at between the~100! surface layer and the sub
strate. Thin-solid line is fora51.0, dotted line fora50.8, dashed
line for a50.6, long-dashed line fora50.3, dot-dashed line for
a50.1, and thick-solid line fora50.
1-4
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SPIN WAVES IN ULTRATHIN FERROMAGNETIC OVERLAYERS PHYSICAL REVIEW B63 174401
culated as a function ofE for different values ofa, andqi

50.08332p/a, wherea is the lattice constant. Whena de-
creases, so does the tunneling of holes from the substrate
the overlayer. Thus, the decaying probability of the s
waves is reduced and their lifetimes increase. Conseque
the widths of the spin-wave peaks become narrower, as
denced in Fig. 2. It is also noticeable from Fig. 2 that t
spin-wave energies become smaller asa decreases. This is
partially due to the reduction of the exchange coupling
tween the local moments, mediated by the substrate whea
decreases. This shows that the presence of a nonmag
substrate may substantially affect the spin-wave spectrum
the monolayer.

We now examine a ferromagnetic monolayer on a~110!
surface. Figures 3 and 4 show results of Imx12(qi ,E), cal-
culated as a function of energy for several values ofqi along
the @001# ( ẑ) and @11̄0# ( ĵ) directions in the surface plane
respectively. The spin-wave energy for the~110! surface is
not isotropic inqi space. The origin for such anisotropy la
on the crystalline structure of the~110! overlayer. For a
simple cubic lattice it is formed by chains of neare
neighbor sites along theẑ direction that, in the absence o
second-neighbor hopping, are linked to each other via
substrate only. Thus, without a substrate@i.e., for a free-
standing ~110! monolayer#, those chains would be un
coupled, and no energy would be required to excite lo
wavelength spin waves propagating perpendicularly to
chains.9 The inset in Fig. 3 shows that the dispersion relat
for spin waves propagating alongẑ varies quadratically with
qz over a wide range of values in the first Brillouin zone.
contrast, the inset of Fig. 4 shows that forqi perpendicular to
the chains,E(qj) deviates from the quadratic behavior f
relatively low values ofqj .

By comparing the insets of Figs. 3 and 4, we note that

FIG. 3. Spin-wave spectrum for the~110! overlayer. The figure
shows Imx12(qi ,v) calculated as a function of energyE5\v for
several values ofqi5qzẑ along the@001# direction. Solid line is for
qz50.1, dotted line forqz50.2, dashed line forqz50.3, and long-
dashed line forqz50.4. All values ofqz are in units of 2p/a,
wherea is the lattice constant. The inset shows the correspond
spin-wave energies obtained from the positions of the peak
Im x12.
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energy of a spin wave propagating along@11̄0# in the ~110!
overlayer is smaller than when it propagates along theẑ di-
rection with the sameuqiu. The difference in energies, how
ever, is not as large as previously found for unsuppor
monolayers.9 The reason is the exchange interaction betwe
the chains that is mediated by the substrate. Althou
smaller, it is comparable to the direct exchange interact
between nearest-neighbor sites along the chains, leading
stiffness along@11̄0#, which is of the same order of magn
tude as that alongẑ.

By reducing the hopping from the overlayer to the su
strate, the interchain coupling decreases and the energ

FIG. 5. Imx21(qi ,E) calculated as a function ofE5\v for a

fixed value ofqi50.2ĵ, whereĵ is a unit vector along the@11̄0#
direction in the~110! surface plane. The solid and dashed lin
correspond to different values of the hoppingt'5at between the
~110! surface layer and the substrate. Solid line is fora51.0 and
dashed line fora50.1.

g
of

FIG. 4. Spin-wave spectrum for the~110! overlayer. The figure
shows Imx12(qi ,v) calculated as a function of energyE5\v for

several values ofqi5qjĵ along the@11̄0# direction. Solid line is
for qj50.1, dashed line forqj50.2, and long-dashed line forqj

50.3. All values ofqj are in units of 2p/a, wherea is the lattice
constant. The inset shows the corresponding spin-wave ene
obtained from the positions of the peaks of Imx12.
1-5
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BARBOSA, MUNIZ, COSTA, AND MATHON PHYSICAL REVIEW B63 174401
excite a spin wave propagating along@11̄0# becomes sub-
stantially smaller. This is illustrated in Fig. 5, and it is qua
tatively in accordance with what has been found in Ref.

IV. CONCLUSIONS

We have investigated the influence of a nonmagnetic
tallic substrate on the spin excitations in ultrathin ferroma
netic overlayers. Both the spin-wave energies and lifetim
have been determined by calculating the transverse dyna
spin susceptibilityx12(qi ,E) for different surface crystal-
line orientations. We have found that the spin waves in
overlayer are strongly damped due to the presence of
substrate. By gradually reducing the hopping between
substrate and the overlayer we were able to assess how m
the substrate may affect the lifetimes and energies of s
waves excited in the overlayer. We have shown that the s
wave lifetimes increase substantially as the hopping betw
the substrate and the overlayer decreases. This verifies
the spin-wave damping is caused by the tunneling of ho
from the substrate into the overlayer, as previously poin
out by Phanet al.12 We have also shown that the spin-wa
energies may change considerably when the subst
.

17440
e-
-
s
ic

e
he
e
ch

in
n-
en
hat
s
d

te-

overlayer hopping is varied. The main reason for that is
alteration of the exchange coupling mediated by the s
strate, a quantity that relies much on such hopping.

For the~110! overlayer we have found that the spin-wa
energy depends upon the direction of the wave vectorqi

along which it is excited. Such dependence, however
much less pronounced than previously obtained for uns
ported monolayers. We argue that this is due to the enha
ment of the exchange coupling between the local moment
the overlayer mediated by the substrate, which strongly
fects the spin-wave energies.

We hope that our findings will stimulate more elabora
calculations for specific real systems. Perhaps, a gradual
connection of the overlayer from the substrate may also
realized experimentally by placing nonmetallic spacer lay
of variable thicknesses between the overlayer and the
strate, allowing the effects discussed here to be observe
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