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Aperiodical oscillation of interlayer coupling in epitaxial Co/Ir „001… superlattices
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High quality epitaxial cobalt-iridium superlattices were successfully grown on MgO~001! substrates via
molecular-beam epitaxy and were found to exhibit anomalous oscillatory interlayer exchange coupling with a
strong coupling constant. The aperiodical antiferromagnetic~AF! peaks appear at Ir layer thicknesses of 5 Å,
15 Å, and 33 Å. Maximum magnetoresistance~MR! ratios of'1.1% are obtained and are almost the same for
the first and the second AF peaks. The interlayer coupling corresponding to the first AF peak is so strong that
the magnetization did not saturate even in an applied field up to 90 kOe. The estimated value of the interlayer
exchange constant by MR curves at room temperature is more than 2.2 erg/cm2 close to the first AF peak. A
distinction of the in-plane magnetization process between@100# and@110# directions is observed and the easy
axis of magnetization is found to be along the@110# axis in plane. The aperiodic oscillations are thought to
indicate multiperiodicity of the interlayer exchange constants.@S0163-1829~99!01742-7#
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I. INTRODUCTION

Since the discovery1 of interlayer coupling between adja
cent ferromagnetic layers that oscillates with the thicknes
nonmagnetic spacers, numerous experimental and theore
studies of the effect have been reported. Many combinat
of materials, in sandwiches and multilayers, have been
amined in terms of their coupling and the oscillatio
periods.2 In multilayers, the oscillation periods are between
Å and 12 Å for almost any metal spacer3 and no multiperi-
odicity has been observed. From a theoretical perspec
the oscillation periods are found to be equal to 2p/uqi u,
whereqi is one of the extremal spanning vectors that co
nects stable points of the Fermi surface of the spacer mat
along the growth direction.4–6 Multiperiodicities that imply
both short-~about 2 monolayers! and long-range~about 5–8
monolayers! periodicities of interlayer coupling have bee
reported in several well-controlled sandwich systems.
multilayer systems, however, short-range coupling osci
tions have not been observed, despite theoretical predict
presumably a consequence of interfacial roughness.4 In gen-
eral, in order to study interlayer coupling, most reports
cused on noble metals or on 3d transition metals, which
show antiferromagnetism as spacer materials. Noble me
have rather simple Fermi surfaces where there are a
extremal spanning vectors, and less lattice misfit with
magnetic-layer element, so that one can easily compare
oretical predictions and experimental results; there are
markable correspondences between theoretical and ex
mental oscillation periods.7 Recently, Unguriset al., using
carefully grown Fe/Au/Fe trilayers, showed experimental
sults consistent in not only the periodicity, but also the m
nitude of exchange coupling.8 Unfortunately, there are fewe
studies of superlattices consisting of 4d or 5d transition met-
als as a spacer, possibly because of the more complic
Fermi surface and prospective changes in electronic struc
PRB 600163-1829/99/60~18!/12957~6!/$15.00
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caused by large lattice misfits between spacer metals
ferromagnetic metals. There are numerous spanning vec
on the Fermi surface of the transition metals, each of wh
may be associated with an oscillation period.6 In the case of
multilayers composed of transition metal spacers, we exp
therefore, to observe multiperiodicity consistent with two
more long-range periodicities.

Superlattices composed of a 3d ferromagnetic metal~Co!
and 5d transition metal spacer~Ir! have been found to ex
hibit magnetic properties commonly observed in oth
ferromagnetic/transition or noble metal systems, i.e., perp
dicular magnetic anisotropy,9 and magnetic exchange cou
pling that depends on spacer layer thickness.3,10–12Although
the interlayer coupling in Ir systems is much stronger th
that in other 3d or noble-metal systems@Co/Ir is reported to
be the second strongest antiferromagnetic~AF! coupling sys-
tem in Parkin’s pioneering work3#, there have been few re
ports of magnetic properties or superlattice structure.
cently, additional work on the Co/Ir multilayer systems h
appeared, focusing on the interlayer coupling and mag
toresistance~MR!.10,11 However, the samples studied we
made by sputtering method, so that the multilayers w
composed of~111! preferred crystalline texture. In order t
study interlayer coupling, it is much better to treat sing
crystal samples; that is, epitaxial superlattices. This pose
experimental challenge, as there is a large lattice misfit
tween fcc-Co and fcc-Ir, expected to be about 8%. In orde
grow Co/Ir epitaxially, then, well-controlled and optimize
growth conditions are necessary. In this paper, we report
growth of Co/Ir~001! superlattice structures prepared wi
molecular-beam epitaxy~MBE!, and on the dependence o
magnetic properties on Ir layer thickness.

II. EXPERIMENT

All samples were grown at the University of Tsukub
using a conventional MBE system~SEO-5 made by Japa
12 957 ©1999 The American Physical Society
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FIG. 1. RHEED patterns of a@Co 7 Å/Ir 11
Å#~001! superlattice during the growth proces
The incident electron beam is parallel t
MgO@100# and accelerated to 15 kV.~a! After
driving off the impurities by substrate heating.~b!
Reflection pattern of Ir buffer layer.~c! The tenth
Co layer.~d! The tenth Ir layer.~e! The fiftieth
Co layer. ~f! The fiftieth Ir layer. The final Ir
layer thickness is 50 Å for prevention of oxidiza
tion.
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SEED LAB. Ltd.!, which includes reflected high-energ
electron diffraction ~RHEED! equipment. Single crysta
MgO~001!substrates, polished for epitaxial growth, we
used. Layer thickness and deposition rates for each so
were monitored by crystal oscillator and controlled by
commercial deposition controller. Films for nominal thic
ness calibration were measured via multiple beam inter
ometry and contact step meter. The difference between
methods is negligible.

Prior to growth, the substrates were heated to 600 °C
three hours or more in a growth chamber. Layers of 12 Å
and 50 Å Pt were subsequently grown on the MgO~001!
substrate as seed layers at 600 °C in order to relax the m
between MgO~001! substrates and Ir~001! buffer layers and
to facilitate the growth of a flat surface.13 After deposition of
seed layers, an Ir layer of 500 Å was deposited at the s
temperature. Growth rates were 0.1 Å/sec, 0.1 Å/sec, and
Å/sec, for Fe, Pt, and Ir, respectively. Co/Ir superlattic
were grown at'60 °C to suppress alloying and interdiffu
sion. The deposition rate was controlled to be 0.1560.02
Å/sec. A series of superlattices were designed with fixed
layer thickness of 7 Å, while Ir layer thicknesses were var
nominally from 5 Å to 40 Å. Therepetition number of bi-
layers for each sample was 50 and a final 50-Å-thick Ir la
was deposited in order to prevent oxidation. The base p
sure of the deposition chamber was approximately 131029

torr and the typical deposition pressure was better tha
31028 torr during superlattice growth. We determined ea
layer thickness using intervals of superlattice peaks obta
by x-ray diffraction patterns by fitting the slope and interce
of the superlattice intervals versus nominal Ir layer thickne
The intercept and the slope correspond respectively to the
layer thickness and the Ir layer correction factor betwe
nominal and actual thickness. The obtained intercept~Co
layer thickness! is around 6.7 Å and the slope is 0.9. Whi
the difference of Co layer thickness between nominal a
that estimated by the intervals is less than 5%, we denote
Co thickness as 7 Å. On the other hand, the difference for
Ir layers is not negligible, and we express the rounded
thickness after correction by the factor 0.9 in the followin

The structure of superlattices was examinedin situ with
RHEED andex situ with x-ray diffractometry by Cu-Ka
radiation. The RHEED patterns were recorded on pho
ce
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graphic films. In order to measure MR, samples were clea
along MgÔ100& and^010& directions, and were shaped in
rectangle;238 mm2 in size. MR measurements were ca
ried out at room temperature and magnetic fields were
plied in plane up to 15 kOe in usual cases; some samp
which show high saturation fields, were measured up to
kOe. Both the measurement current of 0.1 mA and typi
applied magnetic fields were parallel to the in-pla
MgO@100#. Magnetization measurements were performed
room temperature with a commercial superconducting qu
tum interference device magnetometer with magnetic fie
up to 50 kOe applied mainly along the in-plane MgO@100#.

III. RESULTS AND DISCUSSIONS

Figure 1 shows RHEED patterns of each step during
growth of @Co 7 Å/Ir 11 Å#50(001). The RHEED pattern
shown in Fig. 1~a! is the MgO~001! substrate after heating
for 3 h. At first, the pattern of seed layer Fe growth appe
as smeary spots. After deposition of 50 Å Pt, the patte
become broad streaks, meaning that a flat film surface
developed. Figure 1~b! shows the pattern of the 500 Å I
buffer layer. The sharp streak pattern of Ir buffer laye
grown over 300 Å indicates a sufficiently flat surface. W
could not observe a 531 surface reconstruction of Ir~001!
from the pattern of 500-Å-thick Ir layer. The crystal relatio
ship MgO@100#~001!iIr@100#~001! is deduced from these
RHEED patterns.

The RHEED patterns from the tenth Co layer, the tenth
layer, the final~50th! Co layer, and Ir capping layer ar
shown in Figs. 1~c!, 1~d!, 1~e!, 1~f!, respectively. No remark-
able change of RHEED pattern, except the brightness,
observed in the whole process of the superlattice growth,
is, from the first Co layer deposition to the final Ir laye
deposition. The streak patterns indicate that the growth m
of superlattices is layer-by-layer-like growth. During C
layer growth, the streak patterns blur a little and their brig
ness dims. On the other hand, during Ir layer growth,
streak patterns tend to brighten and slightly shorten. T
tendency was observed in all samples.

X-ray diffraction patterns of some samples comprised
different Ir layer thicknesses are shown in Fig. 2. A stron
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sharp peak placed at 2u'47.4° originates from the buffer I
layer. Weak, broad peaks around 2u'20° and 2u'74° are
contributions from the seed layers considered as FePt
dered alloy. Superlattice peaks are observed in the wh
region from small to high angle; however, there is no e
dence of~011! or ~111! stacking in any samples. In the ca
of @Co 7 Å/Ir 14 Å#50(001), the full width at half maximum
of a Co/Ir~002! peak is less than 0.35°, which yields a crys
coherence length larger than 250 Å. The existence of sh
and higher-order satellite peaks indicates that the supe
tices have clear and sharp interfaces with little interface m
ing and high superlattice periodicity.

Co thin films have the possibility of two different meta
stable crystalline structures at room temperature, i.e.,
phase and bcc phase. It is believed that film growth con
tions and growth orientation decide the Co structure. If a
layer has bcc structure, the lattice misfit between fcc-Ir a
bcc-Co is expected to be'14%,14 while in the case of
fcc-Co, the misfit is'28%. In the step model of x-ray
diffraction ~XRD! pattern analysis of superlattices,15 the in-
tensity of superlattice peaks is mainly determined by
form-factor envelopes of the layers that comprise each
layer. Although the superlattice peaks around Ir~002! appear
to be composed of only one envelope~because the two en
velopes for Co and Ir layers are close to each other!, the
peaks around~004! are composed of two distinguishable e
velopes. The center of one envelope coincides with the p
of buffer Ir~004! and the other one is close to fcc-Co~004!
but at an obviously larger angle position. If we suppose t

FIG. 2. X-ray diffraction patterns of Co 7 Å/Ir (t Ir) Å~001! su-
perlattice. Thet Ir’s value is denoted in each figure.
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the Co layer has bcc structure, the envelope center could
be observed in this region. The XRD profiles around t
~004! reflection support the picture of fcc-Co diminishe
along the growth direction. Our preliminary results of of
axis x-ray diffraction measurements using a four circle d
fractometer also support fcc structure of Co layers.

Figure 3 shows some typicalMH curves of
@Co 7 Å/Ir(t Ir)#50(001) measured at room temperature. Fro
the results of in-plane and perpendicular magnetization p
cesses, it is found that the easy axis of magnetization lie
the film plane irrespective of the Ir layer thickness. A
samples designed witht Ir,9 Å show little remanence, and
have such remarkably high saturation fields (HS) that we
could not saturate their magnetization even inH550 kOe.
This behavior means that the adjacent Co layers cou
strongly antiferromagnetically and the layer structures of
superlattices must be sufficiently perfect that direct coupl
between adjacent Co layers is negligible even for Ir la
thickness of only 2–5 monolayers. The shape of theMH
curves is strongly dependent on Ir layer thickness. T
squareness@a ratio of the remanence (MR) to the saturation
magnetization (MS)# and the saturation field (HS) are
strongly related to each other. The samples aroundt Ir515
Å, corresponding to the second AF peak, show typical, id
antiferromagnetically coupledMH curves, with little rema-
nence, high saturation field, and constant susceptibility.
the other hand,MH curves of the samples aroundt Ir511 Å

FIG. 3. TypicalMH curves of Co 7 Å/Ir (t Ir) Å~001! superlat-
tices at room temperature. Thet Ir are given in the figure. In sample
designed with thin Ir thickness, the magnetization does not satu
even at 90 kOe.
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12 960 PRB 60H. YANAGIHARA, EIJI KITA, AND M. B. SALAMON
or t Ir523 Å show large remanence and low saturation fie
They are typical of ferromagnetically coupled or noncoup
hysteresis curves.

The MR curves for antiferromagnetically coupled sup
lattices are shown in Fig. 4, measured at room tempera
with the applied field and current parallel to the@100# direc-
tion. Samples designed with Ir layer thickness thinner tha
Å were measured up to 90 kOe and the others were meas
up to 15 kOe. All samples were saturated at fields lower t
90 kOe except those films with the thinnest Ir layer thic
ness; i.e.,t Ir55 Å. Rounded shapes at low field and litt
hysteresis in the MR curves indicate ideal antiparallel ali
ment of the magnetic moments of adjacent Co layers at
field. The MR ratios at the first and the second AF peaks
about 1.1%. On the other hand, MR ratios of ferromagn
cally coupled samples are very small, for instance, typica
less than 0.1%. This MR value is larger than previo
reports10–12 on Co/Ir multilayers prepared by sputtering o
thinner buffer layers. The saturation fieldHS estimated from
MR curves agrees well with that estimated fromMH curves
at the second and the third AF peaks, so it is reasonab
believe that we determinedHS from the MR curve of the
thinner Ir samples with highHS .

The magnetization process is dependent on the direc
of the applied field, the magnetocrystalline anisotropy, a
coupling strength, including its sign, between adjacent fe
magnetic layers. In the cubic case, samples have four
symmetry in the film plane. The easy axis is expected to
parallel to either@100# or @110# directions. The magnetiza
tion process along different directions for superlattices at
third AF peak is shown in Fig. 5. The measurements w
carried out at room temperature and MR andMH curves of
t Ir531 Å sample were obtained along@110# and@100# direc-
tions. In both MR andMH curves, a clear difference i
found. Slopes of the magnetization curve forHi@110# and
Hi@100# look similar at low field. They jump at almost th

FIG. 4. MR curves of Co/Ir~001! superlattices with high satura
tion field and little remanence.
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same field of H;500 Oe. The magnetization curve fo
Hi@110# saturates at around 1400 Oe, while the magnet
tion for Hi@100# does not saturate and saturate below 3 kO
The difference inMH curves oft Ir531 Å along@100# and
@110# directions implies that this superlattice shows an id
magnetization process with competition between cubic
isotropy and antiferromagnetic coupling.16 The inflection
points atH;500 Oe indicate that two different magnetiz
tion jumps occur for the twoMH loops, respectively; that is
a spin-flop type jump occurs in the@110# MH loop and a
nonsymmetric-type jump occurs in the@100# MH loop. The
easy axis in fcc-Co is known to be parallel to the@111#
direction and the@110# axis is harder than the@111#, but
easier than@100#.17 Taking demagnetization fields into ac
count, it is reasonable that the easy axis is parallel to
@110# in plane.

Other antiferromagnetically coupled samples, design
with thinner Ir layer thickness than above, aroundt Ir55 Å or
t Ir515 Å, displayed inflection points in theMH curves remi-
niscent of spin-flop type or nonsymmetric-type magneti
tion jump, but we could not observe a clear distinction b
tween the two directions in the film plane. If a larg

FIG. 5. MH and MR curves measured along@100# and@110# in
plane for @Co 7 Å /Ir 31 Å#50(001) superlattices. The upper figur
shows MH curves obtained with applied field parallel to@100#
~solid line! and @110# ~broken line!. The bottom figure shows MR
curves measured with applied field parallel to@100# ~solid line! and
@110# ~broken line!.
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difference exists between the AF coupling and the magn
crystalline anisotropy energies, theMH curves are domi-
nated by the stronger term. Evidently the magnetocrystal
anisotropy is so much smaller than the strong interlayer c
pling that no clear difference is observed between the m
netization processes for different directions.

Figure 6 shows the Ir thickness dependence of the sat
tion field and normalized remanence at room temperatur
Co/Ir ~001! superlattices. The saturation fields were det
mined by theMH and MR measurements along the ha
axis,Hi@100#. As mentioned above, in the thinner Ir sampl
the saturation fields obtained along@100# and@110# look very
similar to each other because the saturation field is alm
completely dominated by strong AF coupling. An unusu
striking inharmoniously is found in both normalized rem
nence~squareness! plot and saturation field (HS) plot. The
intervals between AF peaks in the Ir thickness dependenc
HS or between valleys in the squareness plot of the Ir thi
ness dependence reveal an irregular period of antiferrom
netic coupling oscillations. The samples with Ir layer thic
nesses near 5 Å– 7 Å possess a very stro
antiferromagnetic coupling constantJ'2 erg/cm2 at t Ir56
Å, while the system must become ferromagnetic in the lim
t Ir→0. Here, we suppose that the coupling constant can
expressed asJ5HSMCotCo/4 and that the anisotropy energ
is negligible. The sample with thinnest Ir layer thickne
(t Ir55 Å) possesses a saturation field in excess of 90 k
corresponding toJ>2.2 erg/cm2. This estimated coupling
strength is exceeded only by the Co/Ru system.18

In many magnetic multilayer and sandwich systems t
show interlayer exchange coupling, the coupling oscillat
results in periodic AF peaks or MR maxima, and its oscil

FIG. 6. The Ir layer thickness dependence of the AF coupl
oscillation.~a! The t Ir dependence on squareness of Co/Ir~001! su-
perlattices.~b! The t Ir dependence on saturation field of Co/Ir~001!
superlattices.
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tion periods are generally 10–20 Å for long periods a
around 4 Å for short periods. From theoretical conside
ations, the dependence of the coupling energy on sp
thickness can be expressed in the following general form

Jn5
1

n2 (
m

Am sin~2pn/lm1fm!,

wheren is the spacer thickness in monoatomic layer un
andm denotes spanning vectors that contribute to interla
coupling. The wavelengthlm corresponds to one of the os
cillation periods andfm is a characteristic phase of eac
oscillation period. As we mentioned in Sec. I, multiperiodi
ity has previously been found only in sandwich systems w
noble metal spaces. Short period oscillations have not u
ally been found in multilayer systems because of the imp
fections of layer structure, e.g., accumulative interfa
roughness and/or discrete thickness fluctuations.4 We have
observed three AF coupling peaks at aroundt Ir55, 15, and
33 Å in 5–40 Å region. Compared with previous report
multilayer systems, present Co/Ir~001! system behaves pecu
liarly in terms of its oscillation periods; i.e., the AF peaks d
not appear periodically. According to the calculation
Stiles,6 the longest period is about 10 monolay
(;19 Å). Although this value corresponds well to the spa
ing between the second and the third AF peaks found in
result, it is hard to elucidate the origin of the first AF pea
without considering multiperiodicity because no AF pea
associated with the first AF peak, occurs around 20–28
Superposition of several periodicities with periods close
each other could also explain this peculiarity. In any case
is necessary to explain this aperiodic oscillation by introd
ing multiperiodicity to multilayer system. The band structu
of Ir, which belongs to the 5d transition metal group is no
so simple, even in the bulk state, so that many spann
vectors could exist along the@001# direction.6,19 Although
this aperiodic coupling oscillation is likely to be associat
with multiperiodicity originating in the complicated Ir ban
structure, we cannot consider its band structure to be tha
the bulk because of the large misfit. We believe these pe
liarities are not features of only this system but would
found in other high-quality superlattices with 4d or/and 5d
transition metal spacers. We would like to encourage th
retical investigation.

IV. CONCLUSION

We succeeded in the growth of high-quality Co/Ir~001!
epitaxial superlattices via MBE. Co and Ir layers both po
sess fcc structure. The magnetic easy axis lies in plane fo
samples and the easy axis is parallel to the@110# direction.
MR ratios are small, even for AF coupled samples, while
coupling constants were particularly strong compared w
other typical systems. The most interesting result is the a
riodic coupling oscillation, which may be due to a superp
sition of several periods corresponding to spanning vec
of the complicated Ir Fermi surface. In order to make cle
these peculiarities, i.e., strong AF coupling and aperio
coupling oscillation, further studies on sandwich samp
with thicker Ir layers are in progress.
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