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Growth of epitaxial bcc Co(001) electrodes for magnetoresistive devices
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The applicability of the strain-induced bcc phase of Co in magnetoresistive devices was studied. Ultrathin
bcc Cq00)) films and the influence of the additional layers needed for magnetoresistive devices were exam-
ined by means of°Co nuclear magnetic resonari®MR). NMR is shown to be a discriminating technique for
determining the presence of structurally and magnetically pure bcc Co. The maximum stability for uncovered
and Fe-covered layers grown on(B@1)/GaAg001) and F€001)/Ge(001) seed layers is found to be about 2
nm. Growth of an AJO; top layer preserves the bcc phase, in contrast to a Cu film which causes a transfor-
mation of the bcc structure to the fcc or the hcp phase. The bcc-preserving effects@yf ikiply the
possibility to fabricate magnetic tunnel junctions with bco(@) bottom electrodes. Although bcec Co is a
force-induced structure, thin layers are shown to be stable over a few years wi@nh&ls been grown on
top. Junction structures using bcc (@01) bottom electrodes were grown and characterized.
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[. INTRODUCTION of Co in a polycrystalline mixed fcc/hcp phase. These band-
structure effects could be explained qualitatively and, in part,

Tunneling processes in magnetic tunnel junctfons quantitatively by a model based on elastic tunneling using
(MTJ's) are largely determined by the electronic structure ofthe calculated band structures for the different Co phases.
the active layers. A theoretical description of spin-polarized Co is an ideal material for investigating the influence of
tunneling, based on the electronic structure, is quite feasibléhe physical and electronic structure because it can be stabi-
for idealized structures and fully epitaxial layers with sharplized in different crystal phases. The hcp structure is the
interfaces’™* A complete description for realistic junction stable bulk phase at room temperature and the fcc structure is
structures is however extremely difficult. The largest prob-very easy to obtain in thin-film growth by stabilization on
lem is the lack of crystalline order of the AD; barrier com-  appropriate substrates or at elevated temperatuFes. fcc
monly used in MTJ’s, which is very difficult to model theo- Co, the substrate does not even need to have an epitaxial
retically. In addition, the roughness and slight intermixing atrelationship with Co. On certain substrates, Co will grow at
the interfaces, and the nonepitaxy of, at least, the upper elecoeom temperature in a polycrystalline phase which will order
trode which is grown on the AD; barrier also pose enor- itself into fcc above thicknesses of a few nanomeldisder
mous problems. A way to circumvent the source of thesespecific conditions, thin Co films can also be stabilized in the
problems is the growth of semiepitaxial junctions, where thébcc phase. For Co, this phase is strain induced by epitaxy
lower electrode is grown in a single-crystalline structure. Thewith the substrate. The first report of bcc Co, made by
barrier and the upper electrode are still amorphous and polyRrinz2° used growth on GaA$10). Later, bcc Co was sta-
crystalline, respectively. The well-defined structure of thebilized in between Fe layers and Cr layétsn between Au
bottom electrode offers the opportunity to investigate the eflayerst? and on some alloy substrates such as *fiAind
fect of a specific physical and electronic structure on theCoSi/Si(001)* In the following section, we will give a
tunnel properties. By varying the structure of the bottomshort overview of the reports on bcc Co in the literature.
electrode in a controlled way this effect can be separated For using bcc Co in device structures, growth of another
from the general properties of the junction. In this way, anlayer on top of the bcc Co, e.g., A); or Cu, is inevitable.
understanding of the properties influencing tunnel junctionsThe effect of these overlayers on the underlying bcc Co is
can be obtained without the need for a full theoretical denot known. For some materials, a recrystallization of the top
scription. An advantage of this method with respect to thepart of the bcc Co into a different crystal phase may occur.
use of fully epitaxial junctions is that in semiepitaxial junc- This recrystallization may disturb a large part of the bcc Co,
tions the structure of the bottom electrode can be variedince typical stability limits are below 20 MUmonolayey.
without influencing the rest of the junction stack. The barrierTo our knowledge, no studies have been reported on the
and the top electrode will still have the same physical andnfluence of additional layers on the bcc structure, apart from
electronic properties. This procedure has been used by Yuasayers such as Fe that are already known as bcc-inducing
et al, who established a dependence of the tunneling spisubstrates. Device structures using Cu layers on top of bcc
polarization on the crystallographic orientation for epitaxial Co were reported® however without verification of the sta-
bcc Fe bottom electrod@and demonstrated resonant tunnel- bility of the bce Co.
ing in MTJ's with epitaxial Cu-dusted fcc Co bottom In this study, we investigate the influence of different top
electrode$. Recently, LeClairet al.” observed clear band- layers on the stability and structure of ultrathin bcc Co layers
structure effects in MTJ’s with Co electrodes by using bot-and show that it is indeed possible to grow these layers in
tom electrodes consisting of either Co in a fdd-1) phase or  such a way that they can be used in MTJ'’s. This result pro-
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vides a new Co phase to be used in these devices, whiatalculations:®?” however, give 1.%g per Co atom. The low
allows for a more complete investigation of the influence ofmeasured average moment appears to be caused by a strong
crystal structure on tunneling properties. We also show thainterdiffusion at the interfaces over at least several nanom-
Cu top layers, which are used in other device structures, deters. The moment at the center of the layers does correspond
induce a structural change in the Co layer. The paper is Ofp the expected valu@. This interdiffusion may improve the
ganized as follows. In the following section, we will first long-range order and diminish the number of defects, thus
briefly review the growth of bee Co as reported in the litera-seeming to stabilize the bec structure as measured by long-
ture. In Sec. lll, we will present the details of our sample gnge surface techniques such as low-energy electron diffrac-
preparation and analysis. The characterization of the physicglyn (LEED). It may, however, cause the local physical and
and magnetic structure of the uncovered layers will be givernagnetic structure to deviate from that of pure bce Co. Thus,
in Sgc. IV. In Sec. V the result§ are presented, which ar¢n order to verify the presence of bcc Co, which is both
obtained by*Co nuclear magnetic resonan@MR) on Co  structurally and magnetically pure, not only the structure
layers with different layers grown on top. In Sec. VI, the myst be determined, but it also has to be verified that the
results of magnetoresistance measurements on a junctiggeg| magnetic moment has the correct value.
structure with a bcc Q001) bottom electrode are reported,  An ideal way to measure both properties at the same time
followed by a discussion of thg results on the stability of bccis 59co NMR, which provides the distribution of Co hyper-
Co and the important conclusions of our study. fine fields, being a direct measure of both the local atomic
structures and the local magnetic moments in the entire Co
layer. NMR studies of bcc Co grown on @10,
Fe(110),%?2 Au,*? and MnAl (Ref. 26, show that in zero
A large number of studies have been published on thepplied field, pure bcc Co is characterized by a resonance
growth of bce Co. Very different growth and characterizationline at a frequency of 199 MHz, with a full width at half
techniques were employed, and sometimes conflicting resultmaximum (FWHM) of about 10-15 MHz for well-grown
were obtained. layers. This frequency is about 20—30 MHz lower than the
Although early calculations predicted bcc Co to be afrequencies for the fcc and hcp phases of Co. The width of
metastable phase, more recent papers showed that the kbe bcc Co resonance line is comparable to the fcc and hcp
phase is unstable against volume-conserving tetragon&lo linewidths in typical thin filmé. The lack of a NMR
distortions'®~*¥The true metastable phase is a body-centeredignal at 199 MHz for a measured structure is the direct
tetragonalbct) phase, with a&/a ratio of 0.92, where is the  proof of the absence of both structurally and magnetically
lattice constant in the growth direction amdis the lattice  pure bcc Co.
constant in the plane perpendicular to the growth direction. Most groups find stability limits of about 1-3
The energy barrier stabilizing this phase against tetragonaim'!222-26 The exact value depends sensitively on the
deformation into the fcc phase, which is obtained whém  growth method, temperature and speed, and on the specific
=1.41, is however extremely loW).7 me\). This makes it substrate. The most frequently used substrates, apart from
almost impossible to stabilize thick, pure bct Co films. InGaAs, are Fe and Cr. Growth by molecular beam epitaxy
practice, all pure bcc or bct Co layers can only be stabilizedMBE) is found to produce the highest stability when the
by epitaxy on lattice matched substrates that put a constraisubstrate temperature is between room temperature and
on the in-plane lattice parameter for a limited thickness. We200 °C for growth on Fe or between 150 °C and 350 °C for
will use the expression bcc Co in this paper even when thgrowth on Cr. Lower growth temperatures usually result in a
layer is strainedd/a# 1), because both bcc and bct Co are,lower long-range quality and higher temperatures induce
in practice, strain-induced phases and all grown layers showore interdiffusion. The stability ranges of bcc Co @91)
some strain. and (110 surfaces are comparable, H001) usually shows
The fact that bcc Co is strain induced has major conseslightly larger interdiffusion. Extensive NMR measurements
guences on its properties and growth. The substrate and tiggn Co/F€001) multilayer$? indicate that interdiffusion in
exact growth conditions have a strong influence on the stathese structures is limited to about 0.6 nm. Howevers#o
bility of the layers and the resulting strain in them. This bauer measurements on similarly prepared samples show no
influence caused some controversy on the maximum stabilitgignificant interdiffusiorf® hereby demonstrating the strong
of bcc Co. Papers by Prinz and co-work8rs?®and by  dependence on preparational details.
Bland et al?! report bcc Co with thicknesses up to 35.7 nm  The fact that bcc Co is not truly metastable results in a
and 14.5 nm by growth on GafAklO and (001), respec- large variation of the observed strains, varying frafa
tively. However, many other groups show stability limits in =1.15 for 2 ML of Co on Ag001),%° via several results close
the range of 10-20 MLl(i.e. less than 3 njnfor various to true bcc withc/a=1.0 (Refs. 13 and 25 to values close
substratesincluding GaAs$ and crystal orientations:1%22=26  to the predicted metastable bct phase witla=0.923%3!
This implicates that the stability of the grown layers has toFor similar growth on the same substrate different lattice
be checked carefully every time. In Sec. VII, we will briefly parameters are observed, which means that the exact struc-
come back on this discrepancy in the observed stability.  ture also depends strongly on the experimental details. It is
Reduced average magnetic moments are oftetthus not possible to get the precise lattice parameters from
observed®%2lin bee Co layers grown on GaAs. Values be- the literature. The large variety in strains, however, also cre-
tween 1.4tz and 1.5%5 per Co atom are found. Theoretical ates the possibility to stabilize various phases of strained bcc

II. STABILITY AND ANALYSIS OF BCC CO
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Co by choosing substrate and growth conditions. These difstudy. In contrast to studies with Fe on both sides, it is not
ferently strained phases give a wider choice of materials t@ossible to grow multilayers of AD;-capped Co layers, be-
be used in device structures. cause AJO; is not a bee-inducing material. Contrary to usual
Very few studies have been performed on the influence oNMR procedures, the spectra are not corrected for the influ-
additional layers on the stability of bcc Q&ef. 22 and  ence of the rf-pulse power. For the part of the spectrum be-
none have been reported on the influence of top layers madew about 240 MHz, the correction has a negligible influ-
of a different material other than the substrate. However, foence. For frequencies above 240 MHz, the correction induces
use in a device structure, the growth of extra layers on top oén overestimation of the signal strength, caused by the rela-
the bce Co layer is indispensable. The material of these extrévely high noise at higher powers. This strong influence of
layers cannot be freely chosen, but is imposed by the desirettie noise is created by the low signal strength in this region
functionality. In most reports, characterization is performedfor a single Co layer. In order to avoid these misrepresenta-
before deposition of a top layer. However, due to the lowtions, the correction has been omitted altogether for all pre-
maximum thickness of the bcc layers, the influence of thesented spectra. The magnetic properties of the layers were
additional layer may be quite large, especially when made ofmeasured by a superconductive quantum interference device
a non-bcc-inducing material. It is thus better to characterizéSQUID) and by the magneto-optical Kerr effe@lOKE).
the covered Co layer than to use oimlysitu characterization Finally, bcc Co was implemented in bcc Cop®;/Co tun-
during growth. nel junction structures for measurements on the magne-
totransport properties.

Il. EXPERIMENT
IV. GROWTH CHARACTERIZATION
The bcc Co layers were prepared by MBE on((8d)

buffer layers, grown on either Ga&¥1) or on G&001) sub- The details of the growth of Fe on Gal@®1) or Gg00Y),
strates. Growth on Fe was chosen instead of a direct growtAnd of Co on F€01) depend strongly on growth parameters
on GaAs because of the commonly observed interdiffusior®S evidenced by the large number of growth results reported
problems. The substrates were cleaned by sputter-anngl the literature, which are very often at variance with each
treatments until a clear (46) reconstruction was observed Other. Thus, it is important to always accurately check the
by LEED for GaAs, or a (X 1)-reconstruction in the case of crystal quality of the grown layers.
Ge, and no contamination could be detected by x-ray photo- Our first _characterlzatlon is perform@usitu by means of
electron spectroscopgXPS) and Auger electron spectros- LEED. In Figs. 1a) and 1b) the LEED patterns of the two
copy (AES). GaAs(001)-(4<6) is a Ga-rich reconstruction, Q|fferent substrates used are presented. TH@(O:-IE_surface
which prevents large-scale interdiffusion of As into andiS clearly (2<1) reconstructed[Fig. 1(a)], while the
through the Fe layer. The growth of Fe on Ge was initiated aS@A4001) surface shows a (46) reconstruction. This re-
room temperature and continued after a few nanometers at@nstruction is probably a mixture of ¢42) and (2<6)
temperature of 200 °C. This two-step growth is necessary ifieconstructions, both however leading to the same growth of
order to obtain a smooth layer, without Ge diffusing all theiron, including the same uniaxial amsotroﬁﬁeposmon of
way to the top of the layer. The background pressure duringe gives the same results for both substrates, independent of
growth always stayed below 18° mbar. On GaAs, Fe was the thickness. The LEED pattern of 5.0-nm Fe on Gaas)
grown at room temperature at a rate of about 1 ML/min. ThdFig. 1(c)], shows sharp spots in tif&1) directions and quite
growth rate was measured by a calibrated quartz-crystal mProad(01) direction spots for which the out-of-plane diffrac-
crobalance. The final Fe thicknesses lay between 5 and 1t§n condition is not perfectly fulfilled. Without roughness
nm. Subsequently, thin Co layers were deposited at roorfis condition would not have been relevant and cley
temperature with varying thicknesses between 0.6 and 4 nn$Pots would have been present. The observed pattern indi-
These layers were covered either with 5.0-nm Fe, with 3.0cates that the Fe grows in the expect8@l) bcc structure,
nm Cu, or with 2.3-nm Al, which was subsequently plasmaPut with some roughness. The growth mode found by mea-
oxidized for 200 s to form AlO;.*? suring LEED patterns at different energies indicgtes the pres-
The growth quality of these layers was checkedituby ~ ence of terraces or pyramids in the structure, in agreement
LEED, scanning tunneling microscopi8TM), XPS, and With results previously found by Gestér.
AES. The physical structure of the Co layers was determined LEED patterns for 0.85-, 1.35-, and 2.0-nm Co, grown on
ex situby °°Co NMR. The NMR experiments were per- top of iron, are shown in Figs.(d)—-1(f), respectively. At
formed at 1.5 K in zero applied fiekf?NMR measurements least for the two thinnest Co layers the registry of the iron
provide a way to determine the relative amounts of Co withlattice continues in the Co layer. Thus, the Co is also grow-
specific hyperfine fields, corresponding to a distribution ofing in the bc¢001) phase and shows a good order on the
Co atoms over different structural environmeniésg., fcc, LEED coherence length scale. However, the background in-
hcp, bee, and structures with neighboring foreign atoms tensity indicates the presence of quite some roughn-ess..Apart
Among the main advantages of NMR are the possibility toffom the (11) and(01) spots, ac(2x2) reconstruction is
directly observe buried layers, the fact that no long-rangélearly observed, getting stronger for larger thicknesses, as
order in the layers is necessary, and that the sensitivity i§videnced by the innermost points in tfel) directions. As
sufficient for measuring single layers with thicknesses welidetermined by Kimet al,? the c(2x 2) reconstruction cor-
below 1 nm. This high sensitivity is of importance for this responds to the onset of hcp Co, with a growth in the )12
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FIG. 2. LEEDI-V curves(a) andl-V peak energy versus peak
index squaredb). Curves are shown for 5.0-nm Fe on G&2G1)
and for three different thicknesses of Co on top, showing the small
difference in the out-of-plane lattice parameter between Fe and bcc
Co and the appearance of a different Co phase at 2.0 nm thickness.
For clarity, the curves are shifted on the intensity scale. The peak
energies are plotted for two Co thicknesses and show two different
slopes(which are proportional to the out-of-plane lattice parameter
for the thickest Co layer.

FIG. 1. LEED patterns of bcc Fe and Co on G&#G&l) or
Ge(001). The electron energy is about 100 eV, but not exactly equalCo thicknesses shown in Fig. 1 are plotted. The two thinnest
for all images. Orientation of the samples is also not the same for alC0 layers give peaks which are only slightly shifted com-
images, but about equal fdc)—(f), with the sharp corner points pared to the Fe buffer layer. The thickest Co layer, however,
corresponding to the first-order peaks in {id) directions. Clean  shows two sets of peaks, one of which roughly corresponds
Ge(00)) (2x1) (a) GaAq001) (4% 6) (b), GaAg00D/5.0-nm Fe  to that of the thinner layers and the Fe substrate. This con-
(c), GaAg001)/5.0-nm Fe/0.85-nntd), 1.35-nm(e), or 2.0-nm Co  firms the phase transition that is occurring at this thickness. A
(). kinematical estimate of the out-of-plane lattice constant is

derived from the energies at which the consecutive single-

direction. The in-plane structure of this hcp phase fits withscattering peaks are found, as shown in Fidp).2This pro-
some anisotropic compression on the bcc structure by mearedure is justified for these layers because the absence of
of a rotation of 45°. In fact, the only difference between thisstrong multiple-scattering features indicates the relative un-
distorted hcp phase and the bce phase for a single layer ligmportance of these effects. Also, the sharpness of the peaks
in the position of the central atom of the hcp structure, whichgives an indication that the influence of relaxation at the
is not centered as it is in the bcc structure and gives rise teurface is not too large. All fits of the peak position versus
the c(2X 2) reconstruction. Thus, it may very well be pos- the peak index squared give an inner-potential shift of about
sible that this structure is an intermediary growth structure ofLO eV, as expected. For the substrates an out-of-plane lattice
the top of the bcc Co, which may be changed into a true bceonstanta= 0.564+0.002 nm is found, which is consistent
structure by deposition of an extra Co layer. Indeed, we findvith their bulk lattice constant=0.5654 nm. The iron
that thec(2X2) reconstruction does not immediately give buffer, however, is found to be expanded 1.5% out of plane
way to the hcp phase upon deposition of extra Co. Structuratompared to the bulk valua=0.2866 nm. This expansion
characterization by NMR, which measures the bulk and notloes not significantly depend on the thickness or the sub-
only the surface of the layer, has proven that ¢f2x2) strate. The strain in one direction can be related to the strain
reconstruction does indicate an intermediary growth strucin perpendicular directions by means of the elastic constants
ture and not an alteration into the hcp phase, as shown fusf the material. Bulk elastic constants show that the out-of-
ther on. For the 2.0-nm-thick Co layer the background hagplane lattice parametar=0.291+0.002 nm corresponds to
become very strong, indicating a considerable disorder, andn in-plane lattice parameter=0.281+0.002 nm. This is
the c(2X2) reconstruction is also relatively strong. How- half of the lattice parameter of the substrate. Thus, Fe does
ever, LEED patterns measured at a lower electron en@®@y not show significant relaxation for layers up to 15 nm thick-
eV) still show sharp spots for this thickness. Together withness. This corresponds to results found for 1.5-nm-thick Fe
the fact that only a part of the samples grown with this thick-grown on GaAs(001)-(%6) by Gordonet al3® Other re-
ness still show discernable LEED patterns, these results poipiorts show fully relaxed Fe layers of thicknesses above 1.5
to 2 nm being around the maximum stability thickness fornm 2 but strained iron films with thicknesses up to 160 nm
uncovered bcc Co, at least with our growth procedure. have also been reportéd.

In Fig. 2(@) LEED 1-V curves of thd 00] spot measured The out-of-plane lattice parameter of the Co grown on
at an angled of 6° for the pure iron layer and the same threethis strained Fe layer is found to lme=0.287+0.002 nm,
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FIG. 4. Magnetization curves of Gaf®1)/5.0-nm Fe/1.2-nm
Co/3.0-nm Cu along several axes as measured by SQUID, showing
both cubic and uniaxial anisotropies. The curves have been normal-
ized on the saturation magnetization. The measurements have been
performed at a temperature of 5 K.

FIG. 3. STM images of 5.0-nm Fe01) grown on GaA&§01)
(a,b and of 1.5 nm Co grown on an @®1) whisker(c,d). The total
area of (a) and (c) is 200x200 nnt and of (b) and (d) 50
x50 nnt. The height differences on a terrace are about 0.8 nm for h in Ei 8 d 3d). In the | |
the F€001) layer and about 0.14 nm for the Co layer. The grainlike ayer are shown in Figs.(8 and 3d). In the large-scale

features have a typical diameter of about 5 nm for both structured?/Cture some steps on the@é]) \.Nh'Sker are visible. On the
small-scale image, the height differences are about 0.14 nm,

with a root-mean-square roughness of 0.04 nm. The different

which is significantly larger than the unstrained lattice pa-5-nm granular features cannot correspond to grains with dif-
rameter of bcc Cd0.283 nm. This is remarkable because ferent orientations. If that would have been the case no
usually an out-of-plane contraction is observed for growth of_ EED pattern could have been observed, since the correla-
Co on Fe2>*! However, in these studies Co was grown ontjon length for LEED is larger than the size of these features.
top of unstrained single-crystalline @&1), while in our  Thus, the crystal structures in the different features have to
case there is still a residual strain in the Fe layer, which maYe in registry with each other. There may however be vertical
have an influence on the gI"OWth of the Co Iayer. In view Ofstacking faults Separating them. The growth of Co on Fe
the reports of bcc Co with various strains, which stronglywhiskers seems to be comparable with the growth of Fe on
depend on the exact substrate and growth conditiS®®  GaAs in physical appearance, showing comparable feature
Sec. I), this value is not unreasonable. For the thickest Casizes and roughness in STM, if the difference in thickness is
layer shown(2 nm), one of the two observed series of peakStaken into account.
corresponds to a structure that still has the same lattice con- |t js known that well-grown Fe layers on GaAs(001)-(4
stant. The other series gives an out-of-plane lattice constant6) show a combination of a cubic anisotropy and a
of c=0.261+0.003 nm. This matches hcp Co oriented in theynjaxial anisotropy caused by the interf&€é® In order to
[1120] direction with about 4% out-of-plane strain, in agree-check these properties of our layers, magnetization curves
ment with earlier results: have been measured both by SQUID and by MOKE on 5-nm

The roughness in the Fe and Co layers found by LEEDFe layers grown on GaAB01), with up to 2-nm Co on top.
measurements is corroborated by STM measurements, whidfhe magnetization behavior is mainly that of the Fe layers as
show granular features with typical lateral sizes around 5 nmthese are four times thicker than the Co layers. Typical
In Fig. 3@ and 3b) STM measurements of 5.0-nm Fe SQUID loops are shown in Fig. 4. As expected, there is a
grown on top of GaA®01) are shown. Step edges of the cubic anisotropy inherent in the structure with00) as the
GaAs are still clearly visible. The maximum height differ- easy axes and a uniaxial anisotropy caused by the structure
ences within one terrace amount to about 0.8 nm, with af the GaAs interface, with the easy axis in {i4.0] direc-
root-mean-square roughness of 0.25 nm. The observed strutten. The combination of these two anisotropies causes the
ture is comparable to the pyramidal features described bgteps in the magnetization curve for 0] direction38°
Gester et al** showing gradual slopes instead of abruptApart from the size of the magnetic moment, the magnetiza-
steps. tion behavior of the structures is the same for Fe buffers and

The deposited Co will grow on this relatively rough Fe Fe buffers with Co layers on top. As usually found, the
surface. In order to determine the inherent roughness andhiaxial anisotropy is stronger than the cubic one for these
growth behavior of bcc Co layers on bec Fe, these have alsthicknesses, resulting in an easy axis along[t)] direc-

been grown on an Fe0l) whisker, because this has per-
fectly flat terraces. STM measurements on a 1.5-nm-thick Co

224430-5



WIELDRAAIJER, KOHLHEPP, LeCLAIR, HA, AND de JONGE PHYSICAL REVIEW B7, 224430(2003

tion. The[ 110] direction shows a hard axis loop afD0] is e

intermediary, showing the typical two distinct switching  (a) bccl fccuhcl’

fields found for mixed anisotropiéS. i ' i
0.8 I- Fe - covered

——2.0 nm
—— 1.0 nm

V. INFLUENCE OF ADDITIONAL LAYERS

0.6 .
Spin-echo®°Co NMR measurements on buried Co layers
were performed as a direct, definitive check on the presenct 04l grain i
of pure bcc Co in the layers for different additional layers on ‘ boundaries
top of the Co. As a reference and check, some measuremen I
were performed on Co layers which were sandwiched be- g2} \ Co-Fe 4
tween Fe layers. Since Fe stabilizes the bcc structure in Ca

interface
one expects the structure to be left intact and comparable t

uncovered bcc Co layers, although, of course, an extra inter =~ 0.0 =————

[7) T v T L

face is created and some interdiffusion may occur. The re--‘é’ I bccl fec l 1hcp
sults for 1.0- and 2.0-nm-thick single Co layers sandwiched @ ®
between Fe are given in Fig(& and are comparable to -2 0.8 Cu - covered ——20 nm | 4
earlier NMR results on Co/Fe multilayets. N2 == L3 nm

For the 1.0-nm-thick layer a sharp linefat 199 MHz is 2 gk :(l)'gsnm ]
observed FWHM 9 MHz), comprising about 40% of the Co g ™ ___o7 E$
intensity. No lines are observed at 216, 220, and 228 MHz, & '
apart from the continuous background caused by some inter’o 0.4 - i
diffusion at the interfaces. This directly indicates that the &
bulk part of the Co layer is situated in a chemically, struc- Kl
turally, and magnetically pure bcc phase, thereby directly-a 0.2 Co-Cu Co-Fe ]
proving the absence of magnetic or non-magnetic impurities, %2 L interface interface

or other crystal phases. The small bump found at 209 MHzﬁ
corresponds to Co atoms with 1 Fe nearest neigftbairthe " —
left side of the bulk peak, some intensity centered around " (©) bccl
185 MHz is observed, corresponding to about 0.13 nm of Co. LOF A O - covered

This probably corresponds to vertical stacking-faultlike L7273
structures in the Co, where the distance between the Co al g

——2.0 nm
—o—1.35nm | |

oms is larger than in the perfect bcc phase. For the 2.0-nm | —— 1.0 nm
thick layer, although the highest intensity is still found at 199 ——0.85nm

. T . 0.6 - 7
MHz, a lot of extra intensity is observed at frequencies cor- grain
responding to the fcc and hcp phases and at frequencies i Eondates
between those phases and the bcc phase. This is a clear si 04 T
that at least parts of the Co layer are already transforming tc r 1
more stable crystal phases. For even thicker layerst 021 Co-ALO, Co-Fe g
shown a distinct peak appears at a frequency of about 220 interface .2 g, IDtCrTace

MHz, corresponding to ordered fcc or hcp Co. For these o T S T
thicknesses the intensity at 199 MHz decreases indicating 140 160 180 200 220
that a part of the already grown bcc Co transforms to a close: Frequency (MHz)

packed structure upon deposition of extra Co.

The position of the bce peak is influenced by strain in the  FIG. 5. *Co NMR spectra of Co layers of various thicknesses
layer, however as these influences depend on the volum@own on F€001) and covered with Féa), Cu (b), or Al,O; (0),
change, strain which is almost volume conserving will not berespectively. The measurements have been performed at 1.5 K. The
noticed. In any case, neighboring peaks that are not separatélfpecred positions for the bcc, fcc, and hcp phases are indicated.
in the spectrum(corresponding, for example, to domain The sma_lll peak at 209 MHz_for the Fe-coyered layers corr_esponds
walls) may also cause an apparent shift of the bulk line. Thd® €0 With 1 Fe nearest neighbor. The high-frequency tail of the
results are in agreement with those found earlier for Co/F&PECtrum is virtually independent of the Co thickness. For clarity,
muItiIayer§2 with respect to the peak widths and the stability this part _of the spectrum is only plot_ted for one thickness. No dif-
of the bcc Co, although somewhat less interdiffusion at th erence is seen for growth on either (@81)/F&001) or on
interfaces is observed in our case. aAJ001)/Fe(00D) layers.

As shown above and also already demonstrated by other
groups, the stability of bcec Co is not negatively influenced byof the bcc Co. Of these Cu might be expected to have a
growing an Fe layer on top of the bcc Co layer. To be used irdeteriorating influence on the stability of bcc Co. Since Cu is
device structures, however, usually @giant magnetoresis- known to be a good template for growth of the fcc phase of
tance structur@sor Al,O; layers(MTJ's) are required ontop Co? it is quite probable that it has a negative effect on the

240 260
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stability of the bcc phase, which has a very different lattice 3 T T
parameter. This is indeed seen in Figh)5 where NMR [ . (@) (b)
spectra of various thicknesses of Co capped by Cu are plot I g 114
ted. For the lowest thicknessasp to 1.2 nm, the maximum 22+ 1t 112
NMR intensity is still at a position corresponding to bcc Co, I ] 110
but the FWHM of the peak is already increased to 22 MHz.
Besides this, the peak shows a clear high-frequency tail up tc
about 225 MHz. This tail is likely to be caused by Co which -
is transformed to the more stable fcc or hcp phase. This isy
confirmed by results for Co layers of 1.5 and 2.0 nm thick-
ness, where the main part of the signal is found to gradually
shift towards the equilibrium fcc or hep frequencies. For the - .

1.5-nm-thick sample, a broad peak is found at 208 MHz, a =200 0 200 40 0 40

resonance frequency with which no ordered Co phase is as- H.(kA/m)

sociated. This simply means that the bcc phase and the fcc/ £ 4. Magnetoresistance measurement of a 0.8-nm

hcp phase of Co are not well-separated phases in this case @3¢ co)/AL0,/Co/CoQ, junction at 10 K. The observed tunnel
they are in the case of Fe capped layers. The crystalline ord@fagnetoresistance is 16.4%. The field is applied along[1b6]
on an atomic scale is very low, resulting in a kind of randomgirection of the bce Co. A full scan, which destroys the exchange
stacking and producing resonance frequencies intermediaffas after the first sweep by a training effect of Go@ shown in
to those of bce and fec/hep. For the 2.0-nm-thick Co layerpanel(a). A minor loop, in which the magnetization of the top Co
most of the intensity is already observed at about 220 MHzlayer is kept in the equilibrium direction caused by the exchange
Already at 1.5 nm thickness the intensity at 199 MHz isbias, is shown in paneb).
decreasing, implying that less bcc Co is retained and that the
bcec phase does indeed transform to other phases. The inten- These results show that bcc Co can be used in device
sity of the Co-Cu interface is relatively low as comparedstructures for thicknesses up to 2.0 nm, when it is capped
with the rough surfaces found by STM. This is probablywith Al,O;. However, devices using a Cu layer on top of the
caused by a flattening of the Co layer in the process of re€o layer, will at best have a mixed crystal phase, with non-
crystallization towards a close-packed structure. Thus in conbcc Co at the top of the structure near the Co-Cu interface.
trast to coverage by Fe layers, Cu coverage recrystallizes thehe first result is particularly useful for magnetic tunnel
already grown bcc Co, giving a disordered atomic arrangejunctions, since tunneling from a b@91) Co bottom elec-
ment in between bcc and fcc/hep. This recrystallization mostrode is feasible. Tunneling is particularly sensitive to the top
likely removes the surface roughness of the Co layer. interface of the Co layét but, although there is quite some
In Fig. 5c), the influence of AJO; top layers, which are interface roughness, the local structure is still bcc. Further, as
very important for use in magnetic tunnel junctions, isdemonstrated, the roughness is not extensive enough to pre-
shown. The Al oxidation time was chosen in such a way thatent the formation of a good MTJ. For layers of about 1-nm
no oxidized Co or unoxidized Al is observed by XPS. ForCo, the Co is single crystalline with(801) orientation of the
thicknesses up to 2.0 nm a single peak at 198 MHz is obentire layer, thus giving the possibility to use this structure as
served with a FWHM of about 11 MHz, comparable to thea single-crystal bottom electrode.
Fe-capped layers. The intensity around 220 MHz does not
grow upon increasing the thickness from 1.35 to 2.0 nm, VI. MAGNETIC TUNNEL JUNCTIONS
although there seems to be some intensity which may be
associated with a few local defects in the sample. For these Now that the stability of bcc Co against coverage with
layers the maximum stability is about 2.0 nm, since otherAl,O; has been established, we can try to create magnetic
similar samples did show a transformation around this thicktunnel junctions with single-crystal b@01) Co bottom elec-
ness, just like in the case of Fe capping. For thinner layers trodes. We used the growth procedures given above for cre-
clear peak is not observable, since the spectrum shows inteating suitable bcc Co layers of about 1.0 nm thickness.
face intensity on both sides of the bulk line. This observa-GaAg001)/5.0-nm Fe was always used as a substrate. As a
tion, together with the intensity from grain-boundarylike top electrode, Co is deposited on the,®4 barrier. In order
structures around 180 MHz, causes an apparent shift of th® make both a parallel and an antiparallel alignment of the
bulk frequency from 199 MHz to about 190 MHz for thinner electrodes possible, the top Co layer was partly oxidized af-
layers. The intensity of the Co-40; interface corresponds ter deposition, so that an antiferromagnetic GCd&yer was
to about 3 ML of Co with at least one non-Co nearest neigh-obtained, which causes exchange biasing of the top layer.
bor. This is caused by the roughness of the top of the Cdhe junction area is 300300 um?. Details of the growth
layer, which is not reduced in this case and probably also bprocedure are given by LeClaét al*?
the diffusion of some Al into the vertical stacking faults  The resistance of a 0.8-nthcc C9/2.3-nm ALO5/15-nm
which exist in the Co layer. The exact structure of theCo/CoQ junction at 10 K versus the applied magnetic field
Co/Al, O3 interface itself cannot be determined, since it is anis shown in Fig. 6. A full loop, starting at high positive fields,
interface with an amorphous material, which does not givas plotted in Fig. 6a). It shows both a parallel and an almost
well-defined local environments for the interface Co atoms.antiparallel alignment of the electrode magnetization and a
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bottom electrode material and a tunnel magnetoresistance of

08l about 16% is obtained at low temperatures.

07l 0.75 VII. DISCUSSION

p

dr/dv (10° 0™

The stability of the bcc Co layers of about 2 nm found in
our experiment fall in the range commonly observed by dif-
ferent groups on a variety of substraté$??2-26The fact
that thicker layers were not obtainable agrees well with the
theoretical prediction that bcc Co is not metastable, but strain
induced'® We also tried to grow bcc Co directly on
GaAdq00]) instead of on an Fe buffer layer. Also on these
substrates we were not able to reproduce the layers of more
than 10 nm thick reported by Blanet al?* The stability

FIG. 7. Conductance versus bias voltage at 1®K The para-  limits in the study by Blancet al, together with those in
bolic signature of free-electron tunneling is clearly present togetheptudies by Prinzet al,'****where thicknesses larger than
with a low-voltage magnon characteristic. (), the decay of the 30 nm were obtained on Gaf40), deviate strongly from
differential TMR with applied bias voltage is shown. Note that the those observed by almost all other groups. It would be a very
voltage dependence of the TMRR/R,) differs from that of the ~ important advantage for the fabrication of bcc Co if these
differential TMR (AG/G,). The differential TMR becomes nega- thicknesses could be reproducibly obtained. What causes the
tive for higher bias voltages, while the TMR always stays positive.difference in stability ranges is not quite clear. NMR mea-

surements on 2-nm-Co layers grown on G@8d), with the
magnetoresistance of roughly 16%. The return sweep of thgrowth parameters as described by Penal.° either show
field does not show a fully antiparallel alignment due to athat the major part of the Co is nonmagnetic due to interdif-
training effect in the CoQ.** However, by measuring minor fusion or that the Co is in the fcc or the hcp phase.
loops and not switching the top Co layer away from the Despite the extensive reported structural analysis on the
direction imposed by the CqQ magnetoresistance measure- thick bcc layers, the reason why the stability limit is so high
ments can be performed at repeated field cycles. This i®r these bcc structures is still unclear. It may be that As acts
shown in Fig. 6b). The steps around zero field are caused byas a surfactant, floating on top of the Co, thereby stabilizing
the uniaxial anisotropy of the Fe bottom layer, which is al-the bcc structure. A similar effect has been observed from an
ways aligned parallel with the bce Co bottom electrode. Theoxygen surfactarft this effect, however, only stabilized the
changes in resistance at abouit30 kA/m are probably bcc Co up to 3 nm thickness. On the other hand, it is also
caused by small rotations of the top Co magnetization. Fopossible that the thick layers are stabilized by impurities
temperatures close to room temperature the exchange biasifainly As), diffusing into the Co. The presence of signifi-
is not ideal any more, giving nonperfect alignment of thecant interdiffusion of As and Ga into these layers was already
magnetization directions. At this moment it is not clearshown directly!” but the amounts far away from the inter-
whether the relatively low value of the magnetoresistance isaces were found to be very low(3%). However, the low
an intrinsic property of bd@01) Co, as in some other epi- average magnetic moment observed, ofuk41.55ug per
taxial system$,or because the growth of these preliminary Co atom:®'%?*seems to indicate that interdiffusion may go
bcc Co junctions is not yet fully optimized. further than expected. Impurity stabilization might also ex-

Typical conductancedl/dV) versus bias voltage curves plain the fact that the 35.7-nm-thick bcc layer was never
are given in Fig. 7@). The conductance curves can be de-reproduced by Prinet al. and that this layer was grown at a
scribed by a parabolic contribution from regular elastichigher growth rate and less well-controlled conditions than
tunneling* and a linear contribution from magnon-assistedother attempts®
tunneling at low bia&® In Fig. 7(b), the normalized, differ- All characterization results on the thick layers do show
ential tunnel magnetoresistan€EMR) is plotted as a func- that the structure consists of a good quality bcc phase. How-
tion of bias voltage, showing the typical behavior of a tunnelever the effect of low, stabilizing, impurity concentrations is
junction structuré® The top electrode consists of polycrys- hard to determine. NMR might give a definitive answer to
talline fcc and hcp Co, which has a different electronic structhe question whether these layers consist of both structurally
ture than the bcc G601). This causes a difference in bias and magnetically pure bcc Gsee Sec. )l The only reports
dependence between tunneling from top to bottom electrodef NMR measurements on these layérs show NMR spec-
and tunneling from bottom to top electrode. This differencetra with a maximum intensity around 167—-170 MHz. These
is seen as an asymmetry, as observed in the differential tuivalues agree with the reduced average magnetic moment of
nel magnetoresistanéerurther optimization and more sys- 1.4uz—1.5545 per Co atom in these layers. They do not,
tematic studies of these junctions may be necessary to furth@owever, correspond to the bcc Co resonance line at 199
exclude roughness and exchange bias related problems. MHz. In both cases no significant NMR signal is observed at

These magnetoresistance measurements show that ttiés frequency, which would directly seem to indicate that
slight roughness of the bcc Co layer is not an obstacle to thquite large amount of impurities is located throughout the
formation of a good MTJ. Bcc Co can indeed be used as &ayer, thereby stabilizing the bcc structure but disturbing the
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bcc Co properties. Further NMR measurements on the bcthem to be bcc up to about 2.0 nm, the Co layers were cov-
Co layers on GaAs by Priret al. and Blandet al. may give  ered by Fe, Cu, or AD;. Results for Fe-topped layers are in
an answer to this question. agreement with those found in the literature for Co-Fe
The layers grown in this study have been shown by NMRmultilayer€? and show no negative influence on the stability
to consist of pure bcc Co. Since bece Co is strain inducedrange of the bcc Co. On the other hand, a coverage with Cu,
there may be some difficulties on the stability of the layer ina material which is often used in giant magnetoresistance
time, which would be detriment to its usefulness. Wedevices, showed a gradual shift from the bcc phase to the fcc
checked this by repeating the NMR measurements on owr the hcp phase via a range of intermediate phases. This
samples, two years after growth and found that none of theorresponds to a large-scale transformation of the bcc Co on
samples with AJO; on top showed any change. The bcc top of the layer into a locally disordered structure for any Co
structure was perfectly preserved. Also, annealing for half athickness. Growth of AlO; on top of Co, which is necessary
hour at 150°C or 200°C caused no changes. After twdor application in tunnel magnetoresistance structures, did
years, the Cu-covered layers also still showed their originahot show any transformation and left the bcc Co layers intact
structure, but the Co had become magnetically much hardeup to 2.0 nm. The relatively large amount of Co,8% in-
which is probably caused by oxygen diffusing into the edgegerface signal indicates a rough interface and probably some
of the layer and into the vertical grain-boundarylike struc-interdiffusion into grain-boundarylike structures in Co, how-
tures present. Thus, the bcc structure in layers up to 2 nm isver, without modifying the b¢601) structure. The bcc

shown to be stable over a period of years. structure was found to be stable over a period of years when
covered by AJO;. These results imply that junctions using
VIIl. CONCLUSIONS bca001) Co as a bottom electrode can be grown and used to

) . study the influence of the electrode structure on tunneling
In conclusion, we have established th&iCo nuclear properties. Junctions using a §861) Co bottom electrode,
magnetic resonance is an ideal technique for a direct detegnow, although suffering from some roughness related and

mination of the presence of structurally and magneticallyexchange bias problems, a magnetoresistance of 16.4% at
pure bce Co. We have employed this technique to determing,, temperature.

the influence of additional layers on the stability of bcc Co.
This is very important for the use of bcc Co in device struc-
tures.

After an analysis of uncovered Co layers grown on The work of P.LC. and K.H. was financially supported by
Fe(001)/GaAg00]) and F€001)/Ge001), which proved the Dutch Technology Foundatig8TW).
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