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Current-perpendicular-to-plane magnetoresistance of ferromagnetic F/Al interfaces
(F =Py, Co, Fe, and Coy;Fey) and structural studies of Co/Al and Py/Al
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We determined current-perpendicular-to-plane magnetotransport parameters: interface specific resistance
(2AR™) and scattering asymmetry (vy) for F/Al (F: Py=NigsFe 4, Co, Fe, and Cog Fey) interfaces. The derived
values of 2AR*~8.4—11.6 fQ m? are exceptionally large but those of y<0.18 are small. Modest changes in
sample resistances with aging and annealing indicated some changes in interfacial structure. We studied those
changes in Co/Al and Py/Al multilayers, using high resolution transmission electron microscopy and electron
energy loss spectroscopy. These techniques showed little, if any, differences in interfacial structure and width
between unannealed and annealed multilayers and no evidence of intermetallic phase formation. The structural
differences that cause the transport differences, thus, appear to be subtle.
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I. INTRODUCTION

The performance of potential current-perpendicular-to-
plane (CPP) magnetoresistance (CPP-MR) based read-heads
and current-induced-magnetization-switching based mag-
netic random access memory, based upon a combination of
ferromagnetic (F) and nonmagnetic (N) metals, could be en-
hanced by discovery of F/N pairs with large values of both
of the interface parameters: the enhanced specific resistance,
2AR},y (R=sample resistance and A=area though which the
CPP-current flows), and the scattering asymmetry 7y, each
of which will be defined below. Standard F'/N pairs such as
Co/Cu and Py/Cu (Py=Ni,_[Fe, with x~0.2) have large
Yen~0.7-0.8 but modest 2AR},y~1 fQ m?2.! Stimulated
by evidence from Garcia et al.? that the interface of Py/Al
might have drastically different spin-dependent scattering
properties from that of Py/Cu, we first determined the inter-
face parameters for Py/Al using our well-established
CPP-MR technique.’ We found unusually large 2ARp, .
~8.6 fQ m?, but small Ypy/a1~~ 0.03. This result led us to
extend measurements to other F/Al pairs (F=Co,
Cogg1Feg, and Fe) in hopes of finding a large 2AR},,, com-
bined with larger +vgy. Although we again found large
2AR},~9-10 fQ m?, we also again found small 7y,
=0.1.* Moreover, we found that the resistances of all of the
F/Al samples were somewhat unstable over time and with
annealing to a temperature ~450 K, changes not completely
unexpected as we explain below.

In this paper, we: (a) present complete resistance results
for these four different F'/ Al sample pairs, including explicit
changes with time and with annealing to 450 K; (b) explain
why we expect the interdiffusion that causes the observed
changes in resistance with time and annealing temperature,
and (c) present transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM),
and electron energy loss spectroscopy (EELS) studies of the
structural differences between as-sputtered and annealed
samples (which turn out to be mostly modest). New data that
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we recently obtained on our Fe, included as an Appendix,
leads to a change in the values of 2ARy, s, and Ygea; from
those given in Ref. 4. We also consider an alternative analy-
sis of Co/Al, necessitated by an inconsistency uncovered by
the initial analysis.

The paper is organized as follows: In Sec. II, we define
the parameters of interest, describe our samples, and give
details of how they are prepared and measured. In Sec. III,
we describe the equations we use for analysis and apply them
to derive the parameters 2AR},,, and 7yp,, from magne-
totransport data for the as-prepared samples. To show effects
of aging and annealing, we present results of measurements
repeated after several months and/or after annealing to 450
K. In Sec. IV we explain what we hoped to learn from TEM-
based studies, and then describe our TEM, HRTEM, and
EELS techniques and the results obtained. In Sec. V, we
summarize and conclude. The Appendix contains magnetore-
sistance data for exchange-biased spin-valves (EBSVs) of
the form FeMn/Fe/Cu/Fe, which we use to determine the
bulk asymmetry parameter SBg. and the spin-diffusion length
€‘Ffe for the Fe used in the present study and a prior one.*

II. PARAMETERS AND SAMPLES
A. Parameters

The physics of spin-polarized transport involves asym-
metric scattering, both within F-layers and at '/ N interfaces,
of electrons with moment along () or opposite to (|) the
direction of the local magnetization, M. In this paper we
focus upon the interface parameters, which in the CPP ge-
ometry can be characterized by two equivalent pairs.>® The
first pair, AR}, and AR}, are the specific resistances that
measure the ability of electrons with moments along (1) or
opposite to (]) the direction of magnetization of the F-metal
to propagate from the N to F-metal or vice versa. The second
pair, more convenient for analyzing experimental data, are
twice the enhanced interface specific resistance, 2AR}y
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=(AR},y+AR},y/2), and the dimensionless interface scatter-
ing  asymmetry,  ypn=(ARLy—ARL )/ (AR \+ARL).
Large values of both 2AR},y and 7yg,y imply that electron
propagation from N to F is difficult for one moment direc-
tion, but easy for the other. In the CPP geometry, the equiva-
lent bulk parameters within the F-metal are characterized by
p} and plF or, the better pair for analysis, the enhanced resis-
tivity, pr=(ph+pk)/4=pp/(1-B2), and the bulk scattering
asymmetry, Bp=(ph—pL)/(pk+pk), where pp is the sepa-
rately measurable resistivity of the F-metal in zero magnetic
field. The values of pj are directly measured as described in
Sec III. The values of By are taken as known from other
studies (except for Fe, see Appendix), and are listed with
their sources in Sec III. 2AR},,, and gy are the only two
unknowns to be determined from our experiments.

If the spin-diffusion (spin-flipping) lengths in the F and
Al metals, I, and lffl, are longer than the F and Al layer
thicknesses, 7 and f,;, CPP-MR data can be analyzed in
terms of a simple two current series resistor (2CSR) model
that involves only the parameters just defined and the layer
thicknesses 7 and #,,. If either lff or lff], or both, are smaller
than 7 and ¢,;, data analysis requires the more complicated
Valet-Fert (VF) equations, which take the spin-diffusion
lengths into account. As described in Sec. III, we use the
2CSR model for our [F/N], multilayers, where tp is kept
fixed at z=6 nm but the VF model for our exchange-biased
spin-valves (EBSVs), where ;=24 nm. The values of /% for
the VF model are taken from prior studies (except for /f, see
Appendix) and are listed in Sec. IIT with references. In the
present paper, we neglect any potential spin-flipping at the
F/N interfaces,’ except for one case, where we seem to need
it for complete internal consistency.

B. Samples

To obtain a uniform CPP-current in short-wide samples,
our samples were deposited in our standard crossed-
superconducting-Nb-strips geometry, using a sputtering sys-
tem and the procedures previously described.®” Crossed Nb
strips, 150-nm thick and ~1.1-mm wide, sandwich the
multilayer of interest. At the measuring temperature of 4.2 K,
the Nb strips stay superconducting in the modest magnetic
fields used for the measurements. The samples were sput-
tered at substrate temperatures between 243 and 295 K, in an
ultrahigh vacuum compatible system, with an in situ process
for changing masks without breaking vacuum, and pre-
cleaned argon sputtering gas. The area A ~1.2 mm? through
which the CPP-current flowed was determined as the product
of the measured widths of the two Nb cross strips. The
sample resistances, typically 10~ to 108 (), were measured
with a measuring current of 0.1 A and a superconducting
quantum interference device based bridge circuit having a
sensitivity and noise limit better than 10~'" Q.3

In the present study, we measured the resistances of two
kinds of samples. The first kind are multilayers of the form
{[F(6)/Al(tx)],/ F(6)} with fixed ;=6 nm chosen so that I;
is comparable to or larger than f5. Here n is the number of
bilayer repeats, the thicknesses are in nanometers and the
sample has total thickness t7=n(6+17,;)+6=366 nm. The
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two outer layers of the multilayers are F to eliminate any
proximity effect on the Al layers from the superconducting
Nb cross strips. Since, as we will see below, we expect lff' to
be larger than any value of #,; in such multilayers, we expect
the 2CSR model to give a good approximation to the
multilayer data.

The second kind is EBSVs consisting of only four layers;
[FeMn(8)/F(24)/Al(z,))/ F(24)] between the Nb cross
strips. Here, the magnetization of one F-layer is pinned by
the adjacent FeMn antiferromagnet (AF) (Ref. 10), by heat-
ing the sample to 453 K, above the usual blocking tempera-
ture of polycrystalline FeMn (Ref. 11), applying a small
magnetic field (~200 Oe) for ~2 min, and then cooling it
quickly in the presence of the field. For our EBSVs, we
choose 1,;>6 nm, large enough so that the exchange cou-
pling between the F-layers should be negligible, letting the
other F-layer switch in small H. We also choose 7,
=24 nm> lgc (except for Co) to simplify the data analysis as
we describe below.

In principle, if we could achieve true parallel (P) and
antiparallel (AP) orderings of the magnetic moments of the
F-layers in the multilayers, or reproduce sufficiently well the
large background specific resistance of the EBSVs, either of
the two sets of samples alone could be used to derive both
2AR},y and 7yg,y. However, inability to produce unequivocal
AP states in the multilayers, and sample to sample variations
in the total ARs of the EBSVs, led us to use the multilayers
to first estimate 2AR},, and then the EBSVs to estimate yzy.
With these parameters in hand, we can predict the values of
AAR for the multilayers and compare our predictions with
the experimental data. In two of our four cases, CoFe/Al and
Fe/Al, the predicted and experimental multilayer values of
AAR are close enough that our values of 2AR},,, and ygy
are internally consistent. In one case, Py/Al, our predicted
AAR is larger than the experimental one. Since similar be-
havior was seen previously in Py/Cu (see below), we con-
clude that Py simply does not give good AP states and there
is no inconsistency in our values. In the last case, Co/Al, our
predicted AAR is smaller than the experimental one. This
difference is an inconsistency, which we discuss further be-
low.

For HRTEM and EELS studies, separate multilayer films
([F/N], with 10 Co (or Py)/Al bilayers were sputtered in
the same chamber and under similar conditions to the
samples on which we measured resistances. Each bilayer
consisted of a 20 nm Co (or Py) layer and a 10 nm Al layer.
To look for effects of annealing, some samples were an-
nealed at 453 K for less than 5 min before being prepared for
TEM.

III. RESISTANCE DATA, PARAMETERS, AND ANALYSIS

We estimated the resistivity of our Al, Py, Co, Cogy;Fe,,
and Fe by separately sputtering 200-nm thick films and mea-
suring their in-plane resistivities by the van der Pauw
technique.'> The resulting low resistivity for Al pa,
~5 nQd m, gives an expected very long spin-diffusion
length lg\fl =500 nm.” Independently measured spin-diffusion
lengths of the ferromagnets used in this study are:
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=551 nm (Refs. 7 and 13); f=5+1 nm (see Appen-
dix); [5°>40 nm (Refs. 7 and 14) and [S™=12+1 nm
(Refs. 7 and 15). With this large /' and values of [ all
comparable to or larger than the fixed F-layer thickness fp
=6 nm used in our multilayers, we should be able to analyze
our multilayer data with a simple 2CSR model, provided that
we can at least closely achieve the magnetically ordered state
in which the moments of neighboring F-layers are ordered
AP to each other.

Neglecting the difference between n and n+1, the form
for ARAP given by the 2CSR model is'

AR =2ARgp + paitr + prtp+nltp(pr— pap) + ZAR;/AJ-
(1)

The corresponding expression for AAR=ARAP-ARP is
AAR = n*(Brpytp + 2 ¥raARa) TARMY. ()

In Eq. (1), 2ARgp is the contribution from the interfaces
between the outer F-layers and the superconducting Nb
leads. For all the four ferromagnetic metals under study: Py,
Co, Fe, and CoFe, 2ARg,,=(6=1) fQ m?.8716 p’ is the en-
hanced resistivity defined above, and py and py are estimated
from van der Pauw measurements on 200-nm thick sputtered
films as noted above.

For Co, Py, and CoFe, our present values of py agree with
prior measurements within mutual uncertainties. For these
ferromagnets, we take pp and By from those prior studies:
Pco=60 nQ m (Refs. 7 and 14) and Bc,=0.46 (Ref. 1); pp,
=120 nQdm and Bpy=0.76 (Ref. 1); and pcope=70 n{l m
and Bcop.=0.65 (Ref. 15). However, our new measurement
of pr.=100 nQ) m is much larger than the prior value of
Pre=40 nQ) m (Ref. 17). In Appendix, we use the technique
described in Ref. 13 to estimate Bp.=0.77=0.04 and [}
=5*1 nm for sputtered Fe with this higher resistivity, and
we use these values in our analysis. Note that these new
values for Fe differ from those assumed in Ref. 4.

The multilayer data to be analyzed using Eq. (1) are
shown in Fig. 1 (top and bottom). Figure 1 (bottom) contains
sample hysteresis curves for n=30 samples of each F/Al
pair. As is often seen in such multilayers,' AR(H) is largest at
H=0 in the as-prepared sample, decreases at high fields to a
lowest ‘saturation’ value of AR, and then rises to an inter-
mediate maximum. Since AR should be the largest value of
AR, we take as our estimates of ARAT the initial (as-
prepared) values at H=0. In Fig. 1 (top), the data grow lin-
early with n, as expected from Eq. (1), and the slopes [domi-
nated by AR}, in Eq. (1)] are large compared to that for the
more standard Py/Cu metal pair [filled circles in Fig. 1(a)].
Because ARAP appears in the denominator of Eq. (2), such
large values of AR}, (~10 fQ m?) should cause the differ-
ence AAR to be relatively small (unless yp,,; is large, which
we shall see it is not). After we estimate 7y, from our
EBSVs below, we will calculate the expected sizes of AAR
from Eq. (2) and compare the results with data such as those
in Fig. 1 (bottom).

For the EBSVs, we focus on AAR=AR*?—ARP. With 1
>lff (except for Co which has a long spin-diffusion length),
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FIG. 1. Top: AR(AP) vs n for F/Al (F=Py,Co,CoFe,Fe) mul-
tilayers. Filled circles show, for comparison, data for Py/Cu. Bot-
tom: AR vs H hysteresis loops for some of the n=30 multilayers in
Fig. 1(a).

we can write the Valet-Fert (VF) equation form in closed
form;

AAR = 4(Brpplle + YienAR o) Y (2ppll + pattar + 2AR )
3)

For Co, we fit the full VF theory numerically, as described in
Ref. 13.

Figure 2 (top) shows values of AAR for EBSVs with vari-
ous values of 7,; and Fig. 2 (bottom) shows hysteresis curves
for samples with 7,,=10 nm. We estimate 7y, by inserting
into Eq. (3) the values of the parameters given above plus
that of 2AR},,, determined from Fig. 1. The resulting esti-
mates of 2ARy,x. ¥ra and the product yp, 2ARy,,, are
given in Table L.

Lastly, we checked these values for internal consistency
by calculating AAR for the multilayers with n=30 and com-
paring the calculations with the data in Fig. 1(b). For Py/Al,
the calculated value of AAR~6 f) m? is much larger than
the measured AAR~ 0.5 Q) m? for n=30 in Fig. 1 (bottom).
Presumably, as with Py/Cu (Ref. 18), we did not reach a full
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FIG. 2. Top: Comparison of AAR values for F/Al(zz)/F (F
=Py, Co, CoFe, and Fe) EBSVs. The filled circle shows, for com-
parison, a value for a Py/Cu/Py EBSV. Bottom: AR vs H hysteresis
minor loops for some of the 7,;=10 nm EBSVs in Fig. 2(a).

AP state with Py. Increasing our estimate of ARAP to reflect a
larger AAR does not significantly affect our estimates of
2AR;y/ A1 and thus also of ypy, ;. For CoFe/Al and Fe/Al, the
calculated AARs ~6+1 fQ m? are close enough to the mea-
sured values ~6—8 f() m? in Fig. 1 (bottom) that we have
consistency with true AP states. For Co/Al, however, the
calculated AAR~1.5+1 fQ) m? is much smaller than the
measured AAR~7 fQ m?. In this one case, our analysis is

TABLE 1. Interface specific resistance (2AR*) and scattering
asymmetry parameter (y) for F/Al interfaces.

Metal pair  2AR},,,(fQ m?) VEsAl Yra2ARG 4 (FQ m?)
Py/Al 85+1 0.025+0.01 0.21
CoFe/Al 10.6+0.6 0.1=0.01 1.06
Co/Al(a) 11.1+0.2 0.05+0.01 0.56
Co/Al(b)? 11.6+£02*  0.18+0.02° 2.1
Fe/Al 8.4+0.6 0.05+0.02 0.42

2The values listed as (b) are associated with a spin-flip parameter
Ocoar=1.80.5, see text.
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FIG. 3. Effects of aging and annealing on AR(AP) (top) and
AAR (bottom) of remeasured F/Al (F=Py, Co, CoFe, and Fe) mul-
tilayers. The number of repeats is given after each [F/N].

not internally consistent. The problem arises from the com-
bination of ARAY and AAR for the Co/Al n=30 multilayer
that is similar to those for CoFe/Al and Fe/Al (Fig. 1), but an
AAR for the Co/Al EBSV that is lower than for the other
pairs (Fig. 2). The discrepancy could be due to differences in
interfacial structure between the unannealed Co/Al multilay-
ers and annealed Co/Al EBSVs. Such a difference is not
unreasonable based upon the diffusion and TEM data given
below. But, if so, it is not clear why Co/Al should differ so
strongly in this way from the other F/Al pairs studied. Al-
ternatively, the discrepancy might be due to a phenomenon
not considered in our analysis, spin-flipping at the /Al in-
terface. Including such spin-flipping in the VF theory has a
much stronger effect on AAR for EBSVs than for multilay-
ers. The combination of an increase in g with the pres-
ence of a nonzero spin-flipping parameter Jg,;, lets AAR
increase for the multilayer, while staying fixed for the EBSV
at its experimental value. We list as alternative (b) in Table I
the resulting values of 2AR(,,, (slightly increased) and
Yeoal (significantly increased), which are coupled with an
unexpectedly large value of Sc 4= 1.8. If such large spin-
flipping at the Co/Al interface is real, it is not clear why there
is no need for any spin-flipping at the other F/Al interfaces.

Figure 3 shows that both ARA? (top) and AAR (bottom)
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FIG. 4. Effects of aging on AR(AP) (top) and AAR (bottom) of
remeasured F/Al(r5)/F (F=Py, Co, CoFe, and Fe) EBSVs.

change in selected n=30 multilayers and a few others with
prolonged time at room temperature and/or with annealing to
450 K. Because the ‘initial resistances’ in Fig. 1 are not
reproduced after the samples are taken to high H saturation,
the values of AAR used in Fig. 3 (bottom) are the maximum
values after such saturation. Figure 4 shows how ARAF (top)
and AAR (bottom) change for selected EBSVs with time at
room temperature. We discuss these changes at the end of
this section after estimating whether they could be due to
interdiffusion of the F and N metals. To do this, we must
estimate the diffusion constants D(T) for bulk motion of the
F-metals of interest into Al and vice versa at the tempera-
tures of present interest, 300 and 450 K. Since the data for
such interdiffusion have been taken only at much higher
temperatures'® and only for dilute concentrations of the dif-
fusing atoms, we must extrapolate from these higher tem-
peratures to 300 and 450 K and assume that the resulting
coefficients can be used for our samples where the concen-
trations for interdiffusion are not dilute. Moreover, our sput-
tered multilayers grow as columnar polycrystals, with col-
umns ~20—40 nm in diameter (see Figs. 5-7, 14, and 15
below). At our lower temperatures, mass transport might be
dominated by diffusion along the column boundaries. Our
estimates of bulk diffusion are, thus, likely to be only lower
bounds on the actual diffusion rate.
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TABLE II. Estimated diffusion distances d(nm) in 1 min at 300
and 450 K for dilute concentrations of metal one in two.

d(nm) for 1 min

lin2
300 K 450 K
Al in Ni 4x 1071 1x 1077
Ni in Al 7% 1072 1
Al in Fe 3x 10712 1x1073
Fe in Al 8x 1078 2X 1072
Co in Al 2Xx107° 2x 107!
We assume the standard Arrhenius form D(7)

=D, exp(-Q/kT) where D, is the prefactor in units of m/s?,
Q is the activation enthalpy for diffusion in eV/atom, k is
Boltzmann constant, and 7 is the absolute temperature. To
estimate the distances that each metal can diffuse into the
other, we use the standard one-dimensional diffusion equa-
tion;

d=\4D,t exp(- Q/kT), (4)

where ¢ is the diffusion time. Table II lists our estimates of d
for t=1 min at 300 and 450 K. When more than one pair of
D, and Q was given in Ref. 19, we list for d the linear
average of the resulting values of d at either 300 or 450 K.
Due to typical variations in these values and uncertainties in
the extrapolations, we list d to only one significant figure and
we view the uncertainty in each d as at least a factor of two.
The distance diffused in one year can be estimated by mul-
tiplying a listed value by 0.72 X 10°. We find that dilute con-
centrations of all of the F-metals under study diffuse signifi-
cantly into bulk Al at 450 K in minutes but do not diffuse
significantly into bulk Al at 300 K even in a year. Dilute Al
does not diffuse into any of the bulk F-metals at either tem-
perature in a year. Of course, with the high concentrations of
F and Al near our F/Al interfaces, diffusion of F into Al
requires at least some counter diffusion of Al into F.

The possibility of interdiffusion of F-metals into Al (and
vice versa), just described (given, as noted, that the estimates
of interdiffusion above are likely to be lower bounds), stimu-
lated us to remeasure a representative subset of our samples
after aging for 6—11 months at 295 K and after annealing at
450 K for ~1 min. For comparison, we note that multilayers
and EBSVs that we have studied over the years, which con-
tain N-metals other than Al, retain their same resistances to
within 1% or less after years at 295 K or after annealing to
450 K, and their values of AAR are also stable. In contrast,
for those multilayers with Al that we remeasured, Fig. 3
shows that AR(AP) grows by 5%-10% after 6-11 months
and by a further 2%—7% upon annealing to 450 K. The val-
ues of AAR often change by even larger fractions but some-
times decrease and sometimes grow. For the remeasured EB-
SVs containing Al, in contrast, which were already heated to
450 K in processing, Fig. 4 shows that both ARY and AAR
change by much smaller amounts than for the multilayers.

In Sec. IV, we describe what we learned when we com-
pared TEM, HRTEM, and EELS studies of as-sputtered and
annealed samples of Co/Al and Py/Al.
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TABLE 1II. Lattice parameters and close-packed interplanar spacing variants for the multilayers. dSip,=0.272 nm is used as

reference.
Materials Lattice parameters (nm) Interplanar spacings measured for (111) Interplanar spacings for (111) in theory
Al an=0.405 0.235%£0.002 nm 0.234 nm
Co ag=0.251, ¢y=0.407 (hcp) N/A N/A
ap=0.356 (fcc) 0.205*0.002 nm 0.206 nm
Py (NiFe) ay=0.355 0.204£0.002 nm 0.205 nm

IV. TRANSMISSION ELECTRON MICROSCOPY, HIGH
RESOLUTION TRANSMISSION ELECTRON
MICROSCOPY, AND ELECTRON ENERGY LOSS
SPECTROSCOPY STUDIES OF Co/Al AND Py/Al

We present detailed TEM, HRTEM, and EELS studies of
Co/Al and Py/Al as representatives of the F/ Al structures of
interest. We were especially interested in trying to answer the
following questions: (1) Do the sputtered Py (fcc), Al (fec),
and Co (faulted mixture of fcc and hep) layers all have their
equilibrium crystal structures and the expected (111) orien-
tations normal to the layer planes? (2) How do the F and Al
layers, with their different lattice parameters, connect at the
F/Al interfaces? (3) Do the F and Al significantly intermix
and/or form intermetallic phases??® (4) Of particular interest
for potential changes in R and AR with time or annealing,
how thick are the interfaces and do they broaden upon an-
nealing? A partial TEM, HRTEM, and EELS study of these
multilayers was presented in Ref. 21 from which we repeat
one white line intensity figure on Co/Al—Fig. 13—so that
the reader may conveniently compare those results with re-
lated ones for Py/Al in Fig. 17.

Magnetic multilayers of the form [F(20)/N(10)],,, with
10 Co(or Py)/Al bilayers, were grown on the same Si(100)
substrates as our samples for resistance studies. They were
also grown at the same low temperature (from 243 to 273 K)
using the same dc-magnetron triode sputtering system with a
base pressure ~2X 107 torr. For comparison with the as-
sputtered samples, some multilayers were annealed after
sputtering at 450 K for less than 5 min in the same chamber.

Cross-sectional TEM samples were prepared using the
sandwich technique by joining the multilayers face-to-face
and sectioning along a (110) direction lying in the (001)
surface plane in the Si substrates. M-bond™ 610 epoxy,
cured at room temperature for long time (i.e., 24 h), was used
to form the sandwiches. The sections were bonded to a pre-
heated sapphire flat (~353 K) using crystal bond™ wax to
facilitate mechanical polishing and dimpling. Upon removal
from the hot plate, the wax solidifies in a matter of seconds.
The total time that the samples remained at 353 K was less
than 5 s. Following dimpling, the samples were removed
from the sapphire flat using acetone. Final thinning was car-
ried out using a Gatan PIPS ion mill at ~4° angle.

The structures of individual layers and interfacial regions
were studied by HRTEM with associated fast Fourier trans-
forms (FFT). Selected area diffraction (SAD) patterns were
obtained using circular apertures that allowed information to
be collected across the breadth of the multilayers and a por-
tion of the Si substrates. To complement these studies, spa-

tially resolved EELS was performed in conjunction with
scanning transmission electron microscopy (STEM) to char-
acterize the interfacial regions. HRTEM and EELS were car-
ried out at 200 kV using a JEOL JEM-2200FS (TEM/STEM)
with in-column omega energy filter. EELS spectrum images
(a series of spatially resolved EELS spectra) were collected
by scanning an ~0.5 nm diameter [full width at half maxi-
mum (FWHM)] probe across the interfaces of the F/N mul-
tilayers. Each spectrum was composed of 1024 EELS chan-
nels of 0.11 eV width. Low loss spectrum images with
plasmon peaks were acquired over scans of ~50 nm across
F/N/F/N/F layers. Core loss spectrum images with white
lines for Co (or Ni, Fe) were acquired using scans of
~20 nm across F/N/F layers. During the acquisition pro-
cess, specimen drift caused by thermal effects was corrected
using Gatan DigitalMicrograph® by periodically scanning
over a cross-correlated reference region in the survey im-
ages.

We expected the layers to grow as close-packed planes
with fcc (111) normals (except for Co, which grows as
faulted fcc and hcp—see below). Table III shows that the
measured interplanar layer separations agree with the values
expected for bulk metals to within experimental uncertain-
ties.

In the following, TEM and HRTEM images are represen-
tative of images at several places along the thinned part of
each multilayer. Each EELS spectrum is representative of
3-5 scans.

A. Details of as-sputtered and annealed Co/Al multilayers

We started our study of the effect of annealing upon
Co/Al multilayers with simple phase contrast TEM studies.
Figure 5 shows a phase contrast cross-sectional TEM image
of an as-sputtered Co/Al multilayer and Fig. 6 shows a simi-
lar image of an annealed Co/Al multilayer. In both cases, the
Co and Al layers are well layered, polycrystalline, and their
thicknesses are consistent with the nominal 20 nm Co and 10
nm Al. In-plane grain sizes are ~20 nm and no obvious
intermediate phases are observed. Both pictures show sig-
nificant layer roughness, in the form of nonplanar interface
perturbations, resulting in the interfacial planes lying as
much as 15° from the growth plane. SAD patterns from both
the multilayers and Si substrates (see insets) show strong
diffraction for the close-packed planes of Co and Al in the
growth direction, indicating that the layers are highly tex-
tured.

Due to a low stacking fault energy, sputtered or evapo-
rated Co layers generally contain faulted mixtures of fcc and
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FIG. 5. A phase contrast TEM image of an as-sputtered Co(20)/
Al(10) multilayer on a Si substrate. The Inset shows a selected area
diffraction pattern from both the multilayer and Si substrate display-
ing strong diffraction of close-packed growth plane of both Co and
Al parallel with Si(001). On the upper right, an inclined grain is
illustrated schematically to show that the waviness perpendicular to
the electron beam is up to 2 nm at the interfaces.

hep layers.?>?* Since stacking faults have been found to af-
fect the current-in-plane (CIP)-MR,? it is important to char-
acterize the crystal structures and faulting of the Co in our
multilayers. Figure 7(a) shows an HRTEM image of all three
layers of an as-sputtered Co/Al/Co sample, where the Co and
Al layers are clearly distinguished. Two Al grains are re-
solved in the light contrast layer, revealing a ~7° angle be-
tween the two Al(111) growth planes. Within the Co layers,
the atomic structure is resolved but somewhat obscured by
the Moiré fringes, caused by overlapping grains in the beam
direction. The FFT (see inset) shows two strong Al diffrac-
tion spots from {111} close-packed planes but a variety of Co
diffraction spots from both fcc and hcp regions. Since the
image is not taken from a well aligned Co crystal zone (as

°
Si (002) .

Al
Lo (111)

FIG. 6. A phase contrast TEM image of an annealed Co(20)/
Al(10) multilayer. The inset shows an SAD pattern with strong
{111} reflections in the growth direction, indicating growth on the
close-packed planes.
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FIG. 7. HRTEM images show atomic resolution in the Co and
Al layers. The Co/Al interfaces are poorly defined. A grain bound-
ary in the Al is observed in (a). Both fcc and hep stacking are
shown in (b) in Co imaged along (110). Insets in the upper right
show FFTs from the images displaying the misorientation between
the Co and Al close-packed planes.

indicated by the inset FFT), the Co close-packed plane stack-
ing is not clearly defined. Figure 7(b) shows another area
from this multilayer with both the Al and Co clearly re-
solved. Most of the Co in this image displays a (110)zcc
zone axis with fcc ABCABC stacking of the close-packed
{111} planes (see upper inset). Nevertheless, some hcp ABAB
stacking was also seen (see lower inset). Analysis of several
different areas showed that fcc stacking dominates over hcp.
An interesting feature is that their ~14% different lattice
parameters caused the close-packed {111} Al (fcc) and Co
(fec) planes to not form coherent {111} interfaces. Instead, a
significant angular deviation ~7° is found between the
{111}4, and {111}¢, plane normals, as illustrated in the FFT
inset in Fig. 7(b). Although such deviations were most evi-
dent in grains imaged in the (110) orientation, they were
seen consistently along the interfaces.

Unfortunately, the interfaces of the Co/Al layers in Fig. 7
and other such pictures were somewhat obscured, making it
difficult to identify any intermetallic phases that may have
formed by interdiffusion. However, a through-focus series of
images (Fig. 8) can help to clarify the interfacial structure
along the electron beam. The four images were taken from
the same area but at relative defocuses of 0, 32, 64, and 96
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Defocus 0

FIG. 8. A through-focus series of images from the same area of
the multilayer shows lattice fringe contrast in the Al and Co varying
with defocus indicating the Al/Co interfaces are inclined along the
beam direction.

nm (note, these values do not indicate the actual depth into
the sample, which we estimate at only ~10 nm). For a de-
focus of zero, the Al stacking extends through the interfacial
region and to the Co at the upper interface. As the defocus is
changed, this distinct stacking of Al planes becomes ob-
scured at the upper interface but extends closer to the lower
interface until it finally reaches the Co layer. HRTEM image
simulations show that at different defocuses lattice fringes
from a NizAl crystal will terminate at different positions rela-
tive to an inclined grain boundary.?®?” Thus, this through-
focus series suggests that what appears to be an interfacial
region between the Co and Al is actually, at least partly, the
result of the interfaces being inclined to the electron-beam
direction. If, from Figs. 5-7 we estimate ‘blurred’ interfacial
regions of width 2-2.5 nm, then the tilting in Fig. 7 suggests
that the physically mixed region is actually only 1-1.5 nm.
We take this 1-1.5 nm as a lower bound on the interface
width since it neglects any possible chemical intermixing of
Co and Al atoms in the ‘perfect’ crystallites on both sides of
the mixed region. We will use EELS measurements below to
set upper bounds.

Given the observed interface and layer roughness perpen-
dicular to the electron beam of approximately 2 nm over a
width of 20 nm illustrated in Figs. 5 and 6, one would also
expect the interfaces to exhibit some waviness in the
electron-beam direction. With a TEM foil thickness
~10 nm, and an assumed interfacial region thickness
~1-1.5 nm, the interfacial waviness in the electron-beam
direction is consistent with the interfacial waviness perpen-
dicular to the electron-beam direction. Figure 9 shows a
schematic model of Al{111} growing on Co{l111}. The mis-
match between the two lattices, calculated from the lattice
parameters of fcc Al and Co listed in Table II, is 13.7% for
AK{111} growing on Co{111}. Clearly, it is unlikely that these
layers will directly heteroepitax on each other. Instead, the
mismatch looks to be accommodated by significant tilting
between those lattices (Fig. 9), resulting in inclined inter-
faces and apparent roughness.

Figure 10(a) shows a high angle annular dark field STEM
image of the as-sputtered Co/Al multilayers. The contrast is

PHYSICAL REVIEW B 77, 224438 (2008)
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FIG. 9. Schematic model illustrating the tilting of the fcc Al
{111} on fcc Co {111} growth planes resulting from a lattice mis-
match of 13.7%

proportional to Z2, so the Co (Z=27) layers are much
brighter than the Al (Z=13) layers. A set of EELS spectra
was collected by line scanning the electron probe across lay-
ers. Figure 10(b) shows a perspective view of an EELS spec-
trum image with 61 regularly spaced low loss spectra ob-

Energy loss (eV

FIG. 10. (a) A dark field STEM image of an as-sputtered Co/Al
multilayer in which an EELS spectrum image was acquired along
the white dashed line. The spatial drift square shows the cross-
correlation scan area used to correct for TEM sample drift. (b) A
perspective view of the EELS spectrum image shows that the plas-
mon intensity changes across the Co/Al multilayer.
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FIG. 11. A comparison of plasmon intensity profile for as-
sputtered (top) and annealed (bottom) Co/Al multilayers. The Al
plasmon peak profile exhibits a similar full width at half maximum
of 5-6 nm for both the as-sputtered and annealed samples. The only
notable difference is that the low variation portion of the Co inten-
sity is 15 nm long for the as-sputtered multilayer and 17 nm long
for the annealed multilayer.

tained along the 49 nm line indicated in Fig. 10(a). The
square frame labeled “spatial drift” indicates the area used as
the reference to correct the specimen drift during the spectra
collection. It is known that Al has a very intense plasmon
peak compared to many metals, including Co, Fe, and Ni
(Ref. 28). Thus, the low loss spectrum of plasmon intensities
can give an indication of the elemental distribution across the
spectrum image. Figure 11 shows a comparison of plasmon
intensity profiles for as-sputtered and annealed Co/Al multi-
layers. Both plasmon peak profiles across the Al-rich layers
are 5-6 nm in FWHM, indicating similar Al distributions in
the as-sputtered and annealed samples. Within the Co-rich
layers, relatively constant regions, approximately 15 nm
wide for the as-sputtered multilayer and 17 nm wide for the
annealed multilayer, suggests there are no significant differ-
ences in the Co distribution in the two conditions.

An alternative way to characterize interfacial composi-
tions using EELS is to investigate the Co L,; edge intensity
profile across Co/Al interface, which can provide sufficient
insight in the chemical nature at the Co/Al interfacial region.
Figure 12 shows a perspective view of EELS spectrum im-
age recorded around the Co L,; edge (L;:779 eV and
L,:794) across Co/Al/Co layers for an as-sputtered sample.
Upon removing a power-law background for each spectrum,
the intensities of L; peaks are analyzed in Fig. 13 (shown as

PHYSICAL REVIEW B 77, 224438 (2008)
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FIG. 12. A perspective view of the Co white line intensity pro-
file from a 20 nm scan across an as-sputtered Co/Al/Co multilayer.

open circles). This is compared to a similarly processed in-
tensity profile for the annealed layers (solid squares in Fig.
13). To facilitate an understanding of the two experimental
profiles, a theoretical Co intensity profile across perfect Co/
Al/Co interfaces (see in Fig. 13) has been simulated using an
electron beam with a 0.5 nm (FWHM) Gaussian profile. The
experimental data reveal significantly broader interfacial
mixing than the theoretical profile for a perfect (unmixed
interface). From Figs. 11 and 13 we estimate an upper bound
on the interface width of 2.5-3 nm. Some of the observed
broadening will be associated with the inclination of the in-
terfaces described earlier and some will be due to beam di-
vergence and to spreading in the TEM thin foil (both ignored
in the simulation). Unfortunately, estimating the latter phe-
nomena is difficult and beyond our capabilities. We can,
thus, only conclude that the interfacial mixing is not smaller
than 1 nm or larger than 3 nm. Our TEM and FFT images
show no evidence of additional phases; the structures of the
intermetallic phases present in the Co-Al binary phase dia-
gram differ enough from those of Al (fcc), Co (hep or fec),
and Si that their presence would have generated additional
FFT spots.

OO0 As-sputtered data
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4 ——— Simulation curve O
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FIG. 13. Co white line intensity profiles for both as-sputtered
(open circles) and annealed (filled squares) multilayers. A theoreti-
cal profile, simulated by adding a 0.5 nm FWHM Gaussian electron
beam profile to perfect Co/Al interfaces, is shown for comparison to
the experimental data. From Ref. 21.

224438-9



SHARMA et al.

Py 002>

> .
Al 002 Py 111 L4

-
R Tam-11
Si 002

-

- Annealed

g 44
\D.;‘-

FIG. 14. Phase contrast TEM images of an as-sputtered (bottom)
and annealed (top) Py(20)/A1(10) multilayers. Insets show selected
area diffraction patterns from the multilayers. Together, the mor-
phologies and diffractions from Py(111) and Al(111) show similar
layer structures.

B. Details of as-sputtered and annealed Py/Al multilayers

Phase contrast TEM images of both as-sputtered and an-
nealed Py/Al multilayers grown on Si are shown in Fig. 14.
As with Co/Al, the images reveal the layers to be polycrys-
talline, while the strong diffraction peaks in the growth di-
rection for the close-packed Py and Al{l111} planes in the
SAD patterns (see the insets in Fig. 14) show that Py and Al
are highly textured. The thicknesses of the individual layers
are consistent with the nominal 20 nm Py and 10 nm Al. The
Py had grains with sizes in the range of ~20 nm and, similar

PHYSICAL REVIEW B 77, 224438 (2008)

FIG. 15. An HRTEM image of an annealed Py/Al multilayer
along a Py (110) zone. The corresponding FFT in the inset shows
the growth relationship.

to the Co/Al multilayers, some of the interface normals are
tilted. The layer structures and interface roughness do not
reveal any obvious differences between the as-sputtered and
annealed samples.

Figure 15 shows an HRTEM image of an annealed Py/Al
multilayer with most of the Py and some of the Al clearly
resolved. ABCABC stacking of the close-packed {111}p¢¢
planes are displayed in both Py and Al. The FFT (see lower
inset) shows that the grains are imaged along (110) ¢ zones
of Py and Al. Again, a significant angular deviation of 7°
between the {111}, and {111}p, plane normals is found,
which will lead to incoherent interfaces. Likewise, the lattice
fringes are obscured near the interfaces of the Py/Al layers in
the image, which again can be interpreted as resulting from
inclined interfaces.

It is known that both Fe and Ni can form a range of
intermediate phases with Al, including several ternary inter-
mediate phases.” To see if any intermediate phases formed
at the Py/Al interfacial region in the as-sputtered and an-
nealed multilayers, we used spatially resolved EELS to study
the composition across the interfaces. EELS spectrum im-
ages that included the low-energy plasmon and Ni and Fe L
edges (NiL;:855¢eV and Fe L;:708 eV), were collected
across the interfaces. Figure 16 compares the normalized
plasmon intensity profiles of across Py/Al/Py/Al/Py layers,
which reveal layer thicknesses consistent with the nominal
thicknesses. Figure 17 compares intensity profiles of Ni (a)
and Fe (b) at the interfaces of the Py/Al/Py layers with simu-
lated theoretical profiles. No significant differences are ob-
served between the annealed and as-sputtered Py/Al/Py pro-
files, suggesting that annealing did not significantly alter the
multilayer structure. Nevertheless, the widths of the intensity
profiles do suggest that some compositional mixing occurs
during the initial growth.

C. Answers to posed questions

(1) Do the sputtered Py (fcc), Al (fce), and Co (faulted
mixture of fcc and hep) layers all have their equilibrium
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FIG. 16. A comparison of plasmon intensity profiles for as-
sputtered (top) and annealed (bottom) Py/Al multilayers. The Al
plasmon peak profiles exhibit similar shapes, with full widths at
half maximum of 6-7 nm, for both as-sputtered and annealed
samples.

crystal structures and the expected (111) orientations normal
to the layer planes? Yes.

(2) How do the F and Al layers with different lattice pa-
rameters connect at the F'/ Al interfaces? They connect with
some misfitting, resulting in incoherent interfaces with non-
parallel close-packed planes.

(3) Is there evidence of significant intermixing of the F
and Al and/or formation of intermetallic phases? We find
evidence for intermixing over at least 1 nm but not more than
3 nm, but no evidence of intermetallic phases.

(4) Of particular interest for potential changes in R and
AR with time or annealing, how thick are the interfaces and
do they broaden upon annealing? Interface tilting and beam
divergence and spreading, limit our ability to pin down an
intrinsic width. We can only set limits greater than 1 nm but
less than 3 nm. We can, however, say that the width does not
significantly broaden upon annealing.

V. SUMMARY AND CONCLUSION

We used our standard CPP-MR techniques on a combina-
tion of multilayers and exchange biased spin valves to derive
interface parameters 2ARy,,; and yp s for F/Al interfaces
(F=Py, Co, CoFe and Fe). In all four cases, we found large
values of 2AR},,=8.4-11.6 fQ m?> but small values of
vea1=0.18. In one case, Co/Al, we find possible evidence of
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FIG. 17. Ni (top) and Fe (bottom) white line intensity profiles
for as-sputtered (open circles) and annealed (filled squares) multi-
layers are compared separately with the theoretical profile simulated
by adding a 0.5 nm FWHM Gaussian electron-beam profile to per-
fect Py/Al interfaces.

spin-flipping at the Co/Al interface but no such evidence for
any of the other three F/Al pairs. Holding the multilayers at
293 K for several months or annealing them at 450 K for a
few minutes produced changes in both total AR and AAR
~5-10%, large enough to indicate modest structural
changes. Similar holding or annealing of EBSVs showed
smaller changes in either AR or AAR, probably because the
EBSVs had already been annealed at 450 K during pinning.
Detailed TEM, HRTEM, and EELS studies of separately pre-
pared F/Al multilayers showed that the samples are well
layered and grow with both F' and Al metals having their
bulk structures and with the growth direction normal to the
close-packed planes. There was intermixing at the F/Al in-
terfaces over distances ~1 nm but no evidence of interme-
tallic phase formation. The intermixing did not seem to in-
crease significantly upon annealing to 450 K.

A potential reason for the large measured values of
2AR},,, might be interfacial alloying. Taking resistivities of
dilute alloys of F in Al or Al in F as ~20—-60 n{) m/at. %
30 and multiplying by 25 to get an approximate 50%—50%
alloy  [c(1-¢)=(50X50)/100=25] gives  pppoy=1.5
X107 Q m. To obtain AR=5 fQ m? requires multiplying
this pajiey by an alloy thickness, 74,,=3 nm, at the upper
limit of our estimate of interface width. It would, thus, be
helpful to have calculations of the interface resistances for
Co/Al and Py/Al to see how much of them can be attributed
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to band-structure mismatch between the F and Al metals.
Having found such large values of 2AR}, ,;, even though with
small yz ), gives hope that there might exist other /N pairs
with large values of both parameters that would be superior
for devices to present metal pairs such as Py/Cu or Co/Cu.

ACKNOWLEDGMENTS

This work was supported in part by the NSF through
Grants No. DMR-05-01013 and No. DMR-03-05472 and the
JEOL 2200 FS used in this study was supported in part
through NSF Grant No. DMR-00-79578.

APPENDIX: ESTIMATING By, AND ¢ ste FOR OUR
SPUTTERED Fe

In Sec. III, we noted that: (a) the resistivity of the present
Fe (100 n{) m) is much higher than that (40 n{) m) in a
prior study!” and (b) the parameters that we use in the
present study differ from those that we used in Ref. 4. We are
not sure why the present resistivity is so much higher but the
new and old Fe sputtering targets appear to be from different
manufacturers and to be dominated by different impurities.
In Ref. 4, as we had no other information available, we es-
timated B, and € ff by assuming particular scalings for each.
For the present paper, we removed the need for these as-
sumptions by performing additional measurements.

A sputtered alloy such as Py, where scattering is domi-
nated by a known concentration of a known impurity (Fe),
should have a unique residual resistivity and unique CPP-
parameters at 4.2 K. In contrast, for a sputtered layer of a
nominally ‘pure’ bulk metal such as Fe or Co, the dominant
scatterers are an unknown combination of unknown impuri-
ties. Hence, neither the residual resistivity nor the CPP-MR
parameters should be unique at 4.2 K; rather, the Ilatter
should vary with the residual resistivity and perhaps also
with the details of the impurities present. We have spent over
a decade showing that, so long as the residual resistivities of
test layers of a pure metal sputtered in our system remain
closely the same, the CPP parameters of that metal usually
stay the same to within uncertainties of 10%-20%." Thus,
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FIG. 18. AAR vs tg, for EBSVs with variable thickness g, of the
two Fe layers.

once we found a different residual resistivity for our sput-
tered ‘new’ Fe, for the most reliable analysis, we had to
measure SBg, and €ffe for layers of this new Fe sputtered with
the same system and in the same way as was used to make
the multilayers in the present experiments, hence, this appen-
dix.

We estimate Bg. and €SFfe for our sputtered Fe using the
Valet—Fert theory and the technique described in Ref. 13.
Figure 18 shows a plot of AAR vs ty, for a set of
[FeMn(8)/Fe(tg,)/Cu(10)/Fe(t;,)] exchange-biased spin-
valves with variable thickness fg, of the two Fe layers. The
ordinate intercept is determined by the interfacial parameters
2AR} ), =1.48+0.14 fQ m? and Vg, =0.55+0.07 taken
from Ref. 31—i.e., we assume that the Fe/Cu interface is
insensitive to differing residual impurities in the Fe and Cu.
Taking pp.=100 n{) m from measurements on sputtered thin
Fe films and Nb/Fe/Nb multilayers,* we fit the data of Fig. 18
using Bg. and €SFfe as the only unknown parameters. The fit
shown gives Br.=0.77 =0.04 and €5=5+1 nm. This value
of Bg.=0.77£0.04 overlaps with the S, for the lower resis-
tivity Fe in Refs. 17 and 31 and the ratio
(5+1)/(8.5+1.5)=0.59+0.16 of the present and former>!
values of {?ste just overlaps with that (40 10)/(100=* 10)
=0.4=0.11 of the former and present resistivities (see
Ref. 4).
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