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Seeded epitaxy of Co 90Fe10 /Cu multilayers on MgO „001…:
Influence of Fe seed layer thickness

W. Kuch,a) A. C. Marley, and S. S. P. Parkin
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120

~Received 27 June 1997; accepted for publication 28 January 1998!

Epitaxial ~001! Co90Fe10/Cu multilayers were grown by sputter deposition on MgO~001! substrates
using bilayer seed layers containing thin Fe and Pt layers. The influence of the thickness of the Fe
layer on the structure of the Co90Fe10/Cu multilayers was studied by x-ray diffraction, and
compared to its effect on the giant magnetoresistance measured in these films. The structural quality,
especially of the Co90Fe10/Cu layers closest to the seed bilayer, and the change in magnetoresistance
depend sensitively on the Fe seed layer thickness. The largest giant magnetoresistance effect is
found for Fe thicknesses around 12 Å. The influence of the Fe layer thickness is discussed in terms
of lattice matching between the substrate, Fe, Pt, and Co90Fe10/Cu layers, and alloying of Fe and Pt
in the seed layer. ©1998 American Institute of Physics.@S0021-8979~98!03509-9#
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INTRODUCTION

The controlled growth of magnetic multilayers on ins
lating substrates has become one of the most importan
sues in the application of giant magnetoresistance~GMR! for
magnetic data storage head technology.1 A system of particu-
lar interest is that of Co/Cu and related structures beca
this system exhibits the largest GMR effects at roo
temperature.2 The magnetoresistive properties of this syst
depend strongly on the structural quality of the layer
films.2–6 In polycrystalline Co/Cu multilayers grown on sil
con it was discovered that a thin Fe seed layer approxima
50 Å thick gave greatly enhanced GMR values.2 However, in
order to explore the detailed relationship between struc
and GMR,single crystallinefilms are most useful becaus
this allows the detailed structure to be determined, for
ample, via x-ray scattering techniques. Because of the
quirement of electrical non-conductivity, the choice of su
able substrates for growing such multilayers is limited.
appropriate means to accommodate the different lattice
rameters of the substrate and the magnetic film is the us
seed layers, which are deposited onto the substrate prio
the growth of the magnetic multilayer. This seed layer has
mediate the lattice matching between the substrate and
multilayer, and to initiate an epitaxial relationship. Seed la
ers of several tens of Å of Pt, for example, have prov
useful for growing ~111! oriented epitaxial Co films on
c-plane sapphire substrates.7

MgO is a commonly employed substrate for epitax
growth of multilayers. The epitaxy of fcc transition met
ferromagnets (a53.5– 3.6 Å!, however, is hindered by a
huge lattice mismatch~MgO: cubic NaCl structure,a54.21
Å!. Pt, with an intermediate lattice spacing of 3.92 Å,
therefore a good candidate for the use as a seed layer.
taxial growth of Pt on MgO~001! by magnetron sputtering

a!On leave from~present address!: Max-Planck-Institut fu¨r Mikrostrukur-
physik, Weinberg 2, D-06120 Halle, Germany; Electronic ma
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has been reported for substrate temperatures above 5508

Although the Pt is predominantly~001! oriented, the epitaxy
is not perfect because of the simultaneous presence of a
siderable amount of~111! oriented Pt. This can be reduce
by further increasing the temperature, but even at 680
there still remains some~111! oriented material.8 The situa-
tion seems even worse when using molecular beam epi
to deposit Pt on MgO~001! instead of plasma sputtering, be
cause about half of the Pt assumes the~111! orientation at
growth temperatures as high as 700 °C.9 To avoid the~111!
orientation it has already been proposed to use Fe as a
layer for the growth of Pt on MgO~001!. The initial sputter
deposition of a few Å of Fe onto MgO~001! prior to deposi-
tion of Pt yielded~001! epitaxial films with no~111! oriented
material already at 350 °C.8

It seems obvious that the structural quality and hence
magnetic and magnetoresistive properties of magnetic m
layers depends strongly on the structure and morpholog
the seed layers onto which they are deposited. Thus it i
interest to carry out a systematic study of the influence of
seed layer structure on, for example, GMR. To address
point, we present here structural and magnetoresistive p
erties of Co90Fe10/Cu multilayers, grown on a combine
seed layer consisting of sequentially deposited Fe and
layers on MgO~001!. The Fe thereby acts as the seed lay
for the Pt seed layer. The structural properties of this tw
step seed layer were systematically modified by varying
thickness of the initial Fe layer. Iron grows on MgO~001! in
the ~001!-oriented bcc bulk phase with the in-plane@100#
axis rotated by 45° with respect to the MgO substrate.10 The
surface nearest neighbor distance of Fe of 2.87 Å thereby
midway between those of Pt~001! ~2.77 Å! and MgO~001!
~2.98 Å!, respectively. It has been reported that the init
epitaxy of Fe on MgO~001! proceeds by the growth of a
islanded film with an intraisland lattice parameter very clo
to that of bulk bcc Fe. For increasing Fe layer thickness
lattice parameter monotonically increases up to 2.933 Å
about 8–10 monolayers~ML !. For thicker films the Fe lattice
9 © 1998 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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4710 J. Appl. Phys., Vol. 83, No. 9, 1 May 1998 Kuch, Marley, and Parkin
constant decreases gradually to approach the bulk valu
the thick film limit.10 It can thus be expected that varying th
Fe seed layer thickness will have an influence on the su
quent growth of the Pt seed layer, and hence on the gro
of the multilayer. We will show that there is indeed a sy
tematic variation of the structural quality of the multilaye
and the observed GMR on the Fe seed layer thickness, w
should be taken into account when designing multilayers
high DR/R ratios.

For this investigation we used Co90Fe10/Cu multilayers
which exhibit rather large GMR effects and good structu
quality.11 Co90Fe10 and Cu are both fcc, with similar bulk
lattice constants of 3.54 and 3.61 Å, respectively.12 Because
of this small lattice mismatch of less than 2% an epitax
matching of the in-plane atomic distances within the mu
layers is expected, and confirmed by our results.

EXPERIMENT

MgO~001! substrates of 2311 mm2 size were cleaned
by rinsing first in a buffered dilute solution of NH4OH fol-
lowed by rinsing in distilled water and drying in isoprop
alcohol vapor. The miscut of the MgO crystals was found
be less than 0.8°. The films were prepared by dc magne
sputtering from high purity targets of iron, platinum, copp
and Co90Fe10. Typical sputter conditions were 0.4 Pa Argo
and deposition rates of'2 Å/s. The Fe and Pt seed laye
were grown at a substrate temperature of'770 K. Heating
of the substrates was carried out by tantalum foil heat
The temperatures reported here are those measured a
platter, and may be lower at the substrate holder. Before
deposition of the seed layers, the substrates were allo
'30 min to thermalize in order to minimize the possibili
of temperature drift during the deposition of a series of film
The samples presented here were prepared in two se
each of which consisted of 7 different structures on 7 M
substrates. Reference samples, grown under identical co
tions but without variation of the seed layer thickne
showed no indication of an influence of a possible tempe
ture drift on their structural properties. After allowing'200
min for cooldown, the multilayers were deposited atT
'315 K, and capped with 30 Å Pt to prevent oxidation. T
sample structures are MgO~001!/Fe(tFe)/Pt~50 Å!/
@Co90Fe10(10 Å)/Cu(9 Å)#n/Pt~30 Å!, where tFe was in
the range between 2 and 14 Å, andn56 or 42. Layer thick-
nesses are those calibrated by mechanical profilometr
'1000 Å reference films grown on quartz substrates. De
tions from the quoted thicknesses are less than 5%, and
limited by the stability of the sputter sources.

X-ray diffraction data were obtained under ambient pr
sure and temperature with a commercial four-circle diffra
tometer with monochromatized CuKa radiation.

The magnetoresistance measurements were carried
using a standard four-point dc setup at room temperat
with magnetic field applied along thê100& or the ^110&
azimuth of the samples. TheDR/R data were normalized to
the resistance at 6 T field. The values reported in this pap
correspond to the data for field applied along^110& with the
current applied alonĝ100&. Several identical measuremen
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were repeated on various samples to obtain an estimate o
experimental uncertainties. Excellent reproducibility w
found.

RESULTS

The upper curve of Fig. 1 shows a specularQ – 2Q scan
of a @Co90Fe10/Cu#42 multilayer, grown on a seed layer con
taining 12 Å of Fe. The sharp peak at a scattering vecto
q52.98 Å21 is the~002! diffraction of the MgO substrate, a
indicated in the figure. The prominent peak at 3.49 Å21 and
two smaller peaks atq53.17 and 3.82 Å21 ~as well as a very
small peak around 4.15 Å21) are attributed to~002! scatter-
ing from the Co90Fe10/Cu multilayer. This splitting of the
~002! diffraction is due to the periodicity of the multilayer
and demonstrates the high structural quality and sharp in
faces of the multilayered films. The lower curve shows
simulation of the specular diffraction of a free standi
@Co90Fe10/Cu#42 multilayer. The simulation was calculate
using a computer code of Fullertonet al.13 The multilayer
was modeled with identical lateral, but different vertical la
tice spacings for the Co90Fe10 and the Cu layers. These wer
assumed to be constant over the entire stack. No strain
files within the layers, and no interdiffusion was taken in
account. The parameters for the simulation shown in Fig
were obtained from fitting the diffraction data~upper curve!
for q.3.4 Å21 to that model. This yielded atomic interlaye
spacings of 1.76 Å for Co90Fe10, 1.83 Å for Cu, and a width
of the continuous interface roughness13 of 0.09 Å. These
layer spacings are consistent with laterally expand
Co90Fe10 layers, and compressed Cu layers. The peak se
ration of the satellite peaks corresponds to a periodicity
19.2 Å, which is in excellent agreement with the layer thic
nesses determined from the reference films.

From comparison of the experimental diffraction cur
to the simulation,~002! scattering from the Pt in the seed an
capping layers is easily identified atq53.21 Å21, as indi-
cated in Fig. 1. A contribution from seed layer Fe~002! scat-
tering, which would be expected around 4.37 Å21, is not

FIG. 1. Top: SpecularQ/2Q x-ray diffraction scans around the~002! dif-
fraction of a @Co90Fe10 /Cu#42 multilayer, grown on a 12 Å Fe seed laye
~002! diffraction peaks of the Pt layers and the multilayer are indicated
arrows. Bottom: Simulation of@Co90Fe10 /Cu#42 specular scattering~see
text!.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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detected within the noise level. This might be attributed
the small thickness of the Fe layers. No specular Pt~111!
scattering could be detected in any of the films, sugges
the Pt layer is fully~001! oriented. Predepositing as little a
2 Å of Fe prior to Pt deposition thus appears to complet
suppress the formation of~111!-oriented Pt, in line with the
findings of Ref. 8

In-plane lattice constants of the multilayers, averag
over the entire thickness of the films, were calculated fr
the 2Q values of off-specular~111! and the specular~002!
diffraction peaks. Values of 3.58 Å and 3.61 Å were fou
for the multilayers containing 42 and 6 repeats
Co90Fe10/Cu respectively. The lower value of the thick
films indicates that there is tensile stress introduced by
substrate and the underlying seed layers~and perhaps also b
the cap layer!. The influence of this stress becomes less
portant at higher film thicknesses, resulting in a lattice rel
ation towards smaller in-plane spacings. The measured
plane lattice constants are independent of the Fe seed
thickness for both the multilayers withn56 and 42. This
means that by changing the seed layer structural prope
the multilayer lattice parameters are not strongly affected
the following we will see that it is the quantity of structur
imperfections in the multilayers which is mainly affected
the seed layer properties.

A simple measure of the structural quality of a thin fil
is the width of a rocking curve. Pt rocking curves have be
taken at the maximum intensity of the specular Pt~002! dif-
fraction. As seen from Fig. 1, Pt~002! scattering can be un
ambiguously separated from the satellite intensity of
multilayer ~002! scattering. This holds especially forn56
because of the lower satellite intensity compared ton542.
Figure 2 shows Pt rocking curves of a@Co90Fe10/Cu#6

multilayer grown on seed layers containing 2 Å~filled sym-
bols! and 12 Å of Fe~open symbols!. For tFe52 Å the rock-
ing curve comprises two different contributions, namely
sharp peak with a full width at half maximum~FWHM! of
less than 0.2°, superimposed on a broader peak with a w
of 1.9°. Qualitatively identical Pt rocking curves were o
served from samples with@Co90Fe10/Cu#42 multilayers. The
peak shape and overall width were reproducible to wit
60.2° for each sample. Similar rocking curves have a

FIG. 2. Rocking curves of the specular Pt~002! diffraction of films grown on
seed layers containing 2 Å~filled symbols! and 12 Å of Fe~open symbols!.
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been observed for Pt onc-plane sapphire.7 The sharp feature
indicates the presence of a high degree of structural per
tion in the Pt film grown on 2 Å of Fe. Thebroad component
may arise from a distribution of structural defects presen
the film. With increasing Fe seed layer thickness the int
sity of the sharp peak is strongly decreased, and falls to z
for tFe>12 Å ~Fig. 2!. The FWHM of the broader componen
increases from 1.9° attFe52 Å to 3.7° at tFe512 Å. The
number of structural imperfections in the Pt layers con
quently shows a strong dependence on the thickness o
Fe seed layer, with less perfect Pt films on thicker Fe s
layers. Concomitantly the lattice parameters of the Pt lay
change. The maximum of the Pt~002! specular diffraction
peak shifts from 3.192 Å21 at tFe52 Å continuously to
3.214 Å21 at tFe512 Å. In thin films, interference fringes
associated with the thickness of the film may cause sm
shifts in the position of Bragg peak maxima. However the
layers show rather broad peaks on a smooth backgroun
that the 0.7% change in peak position may nevertheless
attributed to a 0.7% change in lattice spacing, such that
thicker Fe layers a smaller Pt lattice parameter is found. T
same behavior is also observed for the off-specular Pt~111!
diffraction. One has to keep in mind that the peaks refl
scattering from both the seed and capping layers. Howe
from the fact that a similar behavior of the Ptq values is
observed for films containing either 6 or 42 bilayers
Co90Fe10/Cu, we conclude that the change in peak posit
is mostly due to changes in the seed layer.

A compilation of the results of measurements of t
specular~002! rocking curve width of Pt and the multilaye
is presented in the lower part of Fig. 3. The four lowermo
curves show the FWHM of the broad component of t
Pt~002! rocking curves~circles!, and of the multilayer rock-
ing curves~squares!, plotted versus the Fe seed layer thic
ness for both the case of 6 repeats~open symbols!, and 42
repeats~filled symbols! of Co90Fe10/Cu in the multilayer.
The error bars were obtained from multiple measurement
the same sample, and represent the accuracy of determ
the rocking curve widths. The above mentioned depende
on tFe of the Pt rocking curve width is easily seen. The sm
differences betweenn56 and n542 at higher Fe thick-
nesses must be attributed to contributions from the cap la
since the films were grown under identical conditions, a
the seed layers as well as the first repeats of the multila
should thus be identical. The rocking curve width of t
@Co90Fe10/Cu#6 multilayer is about constant around 5.8° u
to tFe56 Å, and decreases to reach 4.8° attFe512 Å. These
high FWHM values indicate a high degree of structural d
order in the first 6 bilayers of the multilayer. The structur
disorder in the initial layers of the multilayer is partly im
proved by increasing the Fe seed layer thickness to 12 Å.
n542 much lower values are observed, ranging from 1.7
at tFe54 Å to 1.50° attFe512 Å. The same tendency o
decreasing rocking curve width for increasing Fe seed la
thickness is observed for bothn542 andn56, although it is
less pronounced forn542. From this and the above men
tioned differences in the overall in-plane multilayer latti
constant~3.61 vs 3.58 Å! we conclude that the multilayer a
the initial stages of epitaxy is strained towards higher
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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plane lattice constants, and relaxes towards smaller valu
higher thicknesses. Since the multilayer lattice constant d
not change when varying the Fe seed layer thickness,
different degree of structural disorder in the multilayer co
sequently must be introduced by the different lattice m
match between the multilayer and seed layer. The mec
nisms which enable the fast accommodation of t
considerable mismatch may result in structural imperfecti
such as local deformation of lattice planes and mos
spread, being more pronounced for a larger mismatch.
interesting that the dependence of Pt and multilayer rock
curve width on the Fe seed layer thickness have oppo
trends: the more imperfections and defects are present in
Pt layer, the more perfect is the growth of the multilayer
top of this Pt layer. Structural defects as a consequenc
seed layer structural defects can therefore be ruled out.

In the upper part of Fig. 3 the correspondingDR/R ra-
tios at room temperature are shown for the multilayers wit
bilayers~open symbols! and 42 bilayers~filled symbols! of
Co90Fe10/Cu. The dependence on the Fe seed layer th
ness, although clearly seen in both cases, is much more
nounced forn56. This corresponds with the dependence
the multilayer rocking curve width ontFe being more pro-
nounced forn56. In that case, but also forn542, a clear
one to one correlation between the GMR and the struct
quality of the multilayers, as judged from the rocking cur
FWHM, can be stated. MaximumDR/R ratios ~and mini-
mum FWHMs! are obtained at 12 Å Fe layer thickness, w

FIG. 3. Structural and magnetoresistive properties of multilayer sam
containing 6 bilayers~open symbols! and 42 bilayers~filled symbols! of
Co90Fe10 /Cu as a function of Fe seed layer thickness.~a! FWHMs of the
specular~002! rocking curves of the multilayer~squares!, and of the Pt
layers ~circles!. ~b! DR/R ratio at room temperature. Note the differe
scales for the rocking curve width of the multilayer forn542, and the
DR/R data forn56.
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values of 15.4% and 63.3% for 6 and 42 bilayers
Co90Fe10/Cu, respectively. The optimum procedure to gro
Co90Fe10/Cu multilayers by seeded epitaxy on MgO~001!
thus would be to predeposit 12 Å of Fe prior to the depo
tion of the Pt seed layer.

DISCUSSION

As mentioned before, the number of imperfectio
present in the multilayer is not simply introduced by a mo
imperfect seed layer, since the opposite behavior is obser
One possible explanation may arise from the fact that w
increasing thickness of the Fe seed layer on MgO~001!, the
Fe in-plane lattice parameter is increased, as reported in
10. The maximum increase amounts to about 1.9%.10 The
mismatch between Fe and Pt is accordingly significantly
hanced from 3.5% up to 5.6%. In addition, the initial grow
of Fe on MgO~001! proceeds by the formation of separat
Fe islands.10 The larger number of structural imperfections
the Pt layer, which manifests itself in the observed high
FWHM of the Pt rocking curves, has then to be a con
quence of depositing Pt on top of these Fe islands exhibi
coverage-dependent in-plane lattice spacings. It is conc
able that the higher roughness of the Fe-covered MgO
face, and the higher stress imposed on the Pt layer by
enhanced Fe lattice parameter in the Fe islands lead to
observed increase in FWHM of the Pt diffraction peak. I
terestingly it is the less perfect structure of the Pt seed la
which leads to a higher structural perfection of the multila
ers, especially in the initial layers, and to a higher GMR. T
larger disorder in the Pt layer could have an impact on
mechanisms which accommodate the lattice mismatch to
Pt seed layer in the initial stages of growth of th
@Co90Fe10/Cu# multilayers. A less perfect crystalline struc
ture of the Pt layer may lead to a less coherent growth, o
a more rapid reduction of the imposed stress in
multilayer, which in turn may account for the higher stru
tural quality.

An alternate explanation is the possibility of intermixin
between Fe and Pt in the seed layers which might lead to
formation of an FePt alloy. Deposition of Pt on the island
Fe film at 770 K might be sufficient to form an FePt allo
with the composition being a function of the amount of pr
deposited Fe. It has been published that annealing Pt/Fe
tilayers for 14 h at 750 K14 as well as thermal coevaporatio
of Fe and Pt at 770 K15 leads to the formation of ordere
FePt alloy films. We therefore do not want to exclude t
possibility that in the Pt/Fe seed layers, which were dep
ited at 770 K, there might be already some interdiffusion a
alloy formation between Fe and Pt. This could explain t
x-ray diffraction data from the Pt layers, which indicate
0.7% decrease in the average lattice spacing with increa
Fe seed layer thickness in both the Pt~002! and ~111! crys-
talline directions. The higher amount of structural imperfe
tion in the Pt layer could be a consequence of intermixing
doping with Fe. The less perfect structure, and also the
ferent lattice parameter of the~Fe–!Pt seed layer may impos
less stress on the multilayer, which in turn may lead
higher structural perfection.

s

o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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On increasingtFe from 12 to 14 Å the films show an
opposite trend with regard to the multilayer FWHM~and the
GMR! than found for smaller Fe seed layer thicknesses.
n56 the multilayer FWHM again goes up from 4.8° attFe

512 Å to 5.2° attFe514 Å. The GMR is strongly affected
and drops from 15.4% to 10.6%. This decrease in GMR
increase in FWHM of the Co90Fe10/Cu multilayers is statis-
tically significant in the sense that it is larger than the exp
mental uncertainty of the FWHM andDR/R determination.
However, it is not immediately clear whether this could n
be due to some other experimental artifact, e.g., in the s
strate preparation. It is, on the other hand, also observe
the multilayers containing 42 repeats of Co90Fe10/Cu al-
though less pronounced. These were grown in a sepa
series, so that the probability that the same artifact could
erratically reproduced in both series is low. We therefo
cautiously attribute the reversed trend above 12 Å Fe s
layer thickness to an intrinsic property of the system. It co
possibly be explained by the growth of Fe on MgO~001!.
According to Ref. 10 the Fe lattice constant increases w
thickness in the initial stages of growth, but decreases
yond approximately 8–10 ML. A minimum in the Fe~110!
diffraction peak width was observed around 8 ML.10 This
was interpreted by Fe forming islands on the MgO~001! sur-
face in the initial stages of growth, and partially coalesc
around 10 ML. Since 10 ML correspond to about 14 Å, it
conceivable that the onset of coalescence leads to the
served minima of the multilayer FWHM attFe512 Å. A
partly coalesced Fe film may offer a smoother surface for
growing Pt film than Fe islands, which in line with the abo
interpretation leads to the reversed trend with increasing
thickness. Considering possible alloy formation, it is co
ceivable that some of the coalesced Fe material is not in
porated into the Pt layer, which would lead to a lower ‘‘e
fective’’ Fe layer thickness when alloying into the Pt layer
concerned. The question remains why this reversed tren
not also observed in the Pt FWHM, which then should d
crease when going from 12 to 14 Å Fe layer thickness. S
a decrease may, however, be masked by the contributio
the Pt capping layer. As already mentioned, this contribut
to the Pt scattering is thought to be responsible for the
ference in the Pt rocking curve width betweenn56 and
n542, which is largest attFe514 Å ~Fig. 3!.

In these studies we have used Co90Fe10/Cu multilayers
as a model system to systematically study the influence
the seed layer on their structural and magnetoresistive p
erties. In view of the similar atomic nearest neighbor d
tances of 3d metals, the effect of the Fe seed layer thickne
will most probably be very similar in fcc multilayers com
posed of other 3d metals. The influence of the seed layer
multilayer properties is clearly more important for smal
Downloaded 08 Feb 2001  to 195.37.184.165.  Redistribution subject t
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number of bilayers. When aiming at highDR/R ratios in
structures with only a small number of bilayers, for examp
in spin valves, it can be of the utmost importance to carefu
optimize the seed layer.

CONCLUSIONS

In summary, we have used a combined seed layer c
sisting of sequentially deposited Fe and Pt layers to epit
ally grow ~001! Co90Fe10/Cu multilayers. We have system
atically varied the Fe seed layer thickness, and studied
structural and magnetoresistive properties of the multilay
The influence of the seed layer becomes more pronoun
for thinner multilayers. The best results with respect to b
structural perfection and highDR/R ratios were obtained for
an Fe seed layer thickness of 12 Å. We interpret the diff
ences in multilayer properties introduced by varying the
seed layer thickness as due to changes of the morpho
and the lattice parameter of the predeposited Fe, possib
conjunction with an intermixing or alloying between the F
and Pt in the seed layer.
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