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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 (@00 substrates via
molecular-beam epitaxy and were found to exhibit anomalous oscillatory interlayer exchange coupling with a
strong coupling constant. The aperiodical antiferromagriétie peaks appear at Ir layer thicknesses of 5 A,

15 A, and 33 A. Maximum magnetoresistar(t4R) 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 2ajpse to the first AF peak. A
distinction of the in-plane magnetization process betwd®0] and[110] directions is observed and the easy

axis of magnetization is found to be along te10] axis in plane. The aperiodic oscillations are thought to
indicate multiperiodicity of the interlayer exchange consta#6163-18209)01742-1

[. INTRODUCTION caused by large lattice misfits between spacer metals and
ferromagnetic metals. There are numerous spanning vectors
Since the discovefyof interlayer coupling between adja- on the Fermi surface of the transition metals, each of which
cent ferromagnetic layers that oscillates with the thickness off@y be associated with an oscillation perfo. the case of
nonmagnetic spacers, numerous experimental and theoretidAt!tilayers composed of transition metal spacers, we expect,
studies of the effect have been reported. Many combination&'€refore, to observe multiperiodicity consistent with two or
of materials, in sandwiches and multilayers, have been exN0re long-range periodicities. _
amined in terms of their coupling and the oscillation SuPerlattices composed of @ 3erromagnetic metalCo)
periods? In multilayers, the oscillation periods are between g&Nd S transition metal spaceiir) have been found to ex-
A and 12 A for almost any metal spaéemd no multiperi- hibit magne_tlc pro_pemes commonly observeql in other
odicity has been observed. From a theoretical perspectivd€rromagnetic/transition or noble metal systems, i.e., perpen-
the oscillation periods are found to be equal ta/Ry|, d|pular magnetic anisotropyand magnetic e_xlghange cou-
whereq; is one of the extremal spanning vectors that conp“ng that depends on spacer layer th'_CkrFe%Ds' Although
nects stable points of the Fermi surface of the spacer materi§l€ interlayer coupling in Ir systems is much stronger than
along the growth directiofi-® Multiperiodicities that imply ~ that in other &l or noble-metal systen{€o/Ir is reported to
both short{about 2 monolayejsand long-rangéabout 5-8 D€ the second strongest antiferromagneiie) coupling sys-
monolayers periodicities of interlayer coupling have been (€M in Parkin’s pioneering work there have been few re-
reported in several well-controlled sandwich systems. IPOTtS of magnetic properties or superlattice structure. Re-
multilayer systems, however, short-range coupling oscillac€ntly, additional work on the Co/lr multilayer systems has
tions have not been observed, despite theoretical predictiondPPeared, focusing on the interlayer coupling and magne-
presumably a consequence of interfacial roughAéssyen- toreS|stance(MR)._ -+ However, the samples stgdled were
eral, in order to study interlayer coupling, most reports fo-made by sputtering method, so that the multilayers were
cused on noble metals or ond3ransition metals, which composed of111) preferred crystalline texture. In order to

show antiferromagnetism as spacer materials. Noble metaffudy interlayer coupling, it is much better to treat single
have rather simple Fermi surfaces where there are a fefyfyStal samples; that is, epitaxial superlattices. This poses an
extremal spanning vectors, and less lattice misfit with £xperimental challenge, as there is a large lattice misfit be-
magnetic-layer element, so that one can easily compare th&veen fcc-Co and fec-Ir, expected to be about 8%. In order to
oretical predictions and experimental results; there are redfOW Co/Ir epitaxially, then, well-controlled and optimized
markable correspondences between theoretical and expeffoWth conditions are necessary. In this paper, we report the
mental oscillation periods.Recently, Unguriset al, using 9rowth of Co/IX001) superlattice structures prepared with
carefully grown Fe/Au/Fe trilayers, showed experimental remolecular-beam epitaxyMBE), and on the dependence of
sults consistent in not only the periodicity, but also the magMagnetic properties on Ir layer thickness.
nitude of exchange coupliffUnfortunately, there are fewer
studies of superlattices consisting af 4r 5d transition met-
als as a spacer, possibly because of the more complicated All samples were grown at the University of Tsukuba
Fermi surface and prospective changes in electronic structutgsing a conventional MBE syste{8EO-5 made by Japan

II. EXPERIMENT
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(a) (c) (e)

FIG. 1. RHEED patterns of &o7 A/lr11
A](001) superlattice during the growth process.
The incident electron beam is parallel to
MgO[100] and accelerated to 15 k\a) After
driving off the impurities by substrate heating)
Reflection pattern of Ir buffer layefc) 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 A for prevention of oxidiza-
tion.

SEED LAB. Ltd), which includes reflected high-energy graphic films. In order to measure MR, samples were cleaved
electron diffraction (RHEED) equipment. Single crystal along MgQ100) and(010 directions, and were shaped in a
MgO(00)substrates, polished for epitaxial growth, wererectangle~2x8 mn? in size. MR measurements were car-
used. Layer thickness and deposition rates for each sour¢gd out at room temperature and magnetic fields were ap-
were monitored by crystal oscillator and controlled by plied in plane up to 15 kOe in usual cases; some samples,
commercial deposition controller. Films for nominal thick- \ynich show high saturation fields, were measured up to 90
ness calibration were measured via multiple beam interferroe  Both the measurement current of 0.1 mA and typical
ometry ar_1d contact step meter. The difference between bo@pplied magnetic fields were parallel to the in-plane
methods is negligible. MgO[100]. Magnetization measurements were performed at
Prior to growth, th_e substrates were heated to 600 °C fofyom temperature with a commercial superconducting quan-
three hours or more in a growth chamber. Layers of 12 A Fqum interference device magnetometer with magnetic fields

and 50 A Pt were subsequently grown on the M@@)  yp to 50 kOe applied mainly along the in-plane Mooa|.
substrate as seed layers at 600 °C in order to relax the misfit

between Mg@0d01) substrates and (001 buffer layers and
to facilitate the growth of a flat surfadd After deposition of
seed layers, an Ir layer of 500 A was deposited at the same
temperature. Growth rates were 0.1 A/sec, 0.1 A/sec, and 0.2 Figure 1 shows RHEED patterns of each step during the
Alsec, for Fe, Pt, and Ir, respectively. Collr superlatticesgrowth of [Co 7 A/lr 11 A]s,(001). The RHEED pattern
were grown at=60 °C to suppress alloying and interdiffu- shown in Fig. 1a) is the MgQO001) substrate after heating
sion. The deposition rate was controlled to be &0302 for 3 h. At first, the pattern of seed layer Fe growth appears
Alsec. A series of superlattices were designed with fixed Cas smeary spots. After deposition of 50 A Pt, the patterns
layer thickness of 7 A, while Ir layer thicknesses were variedoecome broad streaks, meaning that a flat film surface has
nominally fran 5 A to 40 A. Therepetition number of bi- developed. Figure (b) shows the pattern of the 500 A Ir
layers for each sample was 50 and a final 50-A-thick Ir layembuffer layer. The sharp streak pattern of Ir buffer layers
was deposited in order to prevent oxidation. The base pregrown over 300 A indicates a sufficiently flat surface. We
sure of the deposition chamber was approximatelyld °  could not observe a1 surface reconstruction of (001)
torr and the typical deposition pressure was better than 4rom the pattern of 500-A-thick Ir layer. The crystal relation-
% 10”8 torr during superlattice growth. We determined eachship Mgd100](001)Ir[100](001) is deduced from these
layer thickness using intervals of superlattice peaks obtaineBRHEED patterns.
by x-ray diffraction patterns by fitting the slope and intercept The RHEED patterns from the tenth Co layer, the tenth Ir
of the superlattice intervals versus nominal Ir layer thicknesslayer, the final(50th) Co layer, and Ir capping layer are
The intercept and the slope correspond respectively to the Cshown in Figs. {c), 1(d), 1(e), 1(f), respectively. No remark-
layer thickness and the Ir layer correction factor betweerable change of RHEED pattern, except the brightness, was
nominal and actual thickness. The obtained interd€u  observed in the whole process of the superlattice growth, that
layer thicknessis around 6.7 A and the slope is 0.9. While is, from the first Co layer deposition to the final Ir layer
the difference of Co layer thickness between nominal andleposition. The streak patterns indicate that the growth mode
that estimated by the intervals is less than 5%, we denote thef superlattices is layer-by-layer-like growth. During Co
Co thickness as 7 A. On the other hand, the difference for thayer growth, the streak patterns blur a little and their bright-
Ir layers is not negligible, and we express the rounded offiess dims. On the other hand, during Ir layer growth, the
thickness after correction by the factor 0.9 in the following. streak patterns tend to brighten and slightly shorten. This
The structure of superlattices was examimeditu with ~ tendency was observed in all samples.
RHEED andex situwith x-ray diffractometry by ClK« X-ray diffraction patterns of some samples comprised of
radiation. The RHEED patterns were recorded on photodifferent Ir layer thicknesses are shown in Fig. 2. A strong,

Ill. RESULTS AND DISCUSSIONS
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FIG. 3. TypicalMH curves of Co7 A/Ir {,,) A(001) superlat-
tices at room temperature. Theare given in the figure. In samples
designed with thin Ir thickness, the magnetization does not saturate
sharp peak placed at¥2-47.4° originates from the buffer Ir even at 90 kOe.
layer. Weak, broad peaks around=220° and ~74° are
contributions from the seed layers considered as FePt ofhe Co layer has bcc structure, the envelope center could not
dered alloy. Superlattice peaks are observed in the wholee observed in this region. The XRD profiles around the
region from small to high angle; however, there is no evi-(004) reflection support the picture of fcc-Co diminished
dence of(011) or (111) stacking in any samples. In the case along the growth direction. Our preliminary results of off-
of [Co 7 A/lr 14 A]5,(001), the full width at half maximum axis x-ray diffraction measurements using a four circle dif-
of a Co/I(002) peak is less than 0.35°, which yields a crystal fractometer also support fcc structure of Co layers.
coherence length larger than 250 A. The existence of sharp Figure 3 shows some typicalMH curves of
and higher-order satellite peaks indicates that the superlatCo 7 A/Ir(t;)]so(001) measured at room temperature. From
tices have clear and sharp interfaces with little interface mixthe results of in-plane and perpendicular magnetization pro-
ing and high superlattice periodicity. cesses, it is found that the easy axis of magnetization lies in

Co thin films have the possibility of two different meta- the film plane irrespective of the Ir layer thickness. All
stable crystalline structures at room temperature, i.e., fcéamples designed with,<9 A show little remanence, and
phase and bcc phase. It is believed that film growth condihave such remarkably high saturation fieldsg) that we
tions and growth orientation decide the Co structure. If a Cccould not saturate their magnetization everHrs-50 kOe.
layer has bcc structure, the lattice misfit between fcc-Ir andrhis behavior means that the adjacent Co layers couple
bce-Co is expected to be-+4%* while in the case of strongly antiferromagnetically and the layer structures of the
fcc-Co, the misfit is~—8%. In the step model of x-ray superlattices must be sufficiently perfect that direct coupling
diffraction (XRD) pattern analysis of superlatticksthe in-  between adjacent Co layers is negligible even for Ir layer
tensity of superlattice peaks is mainly determined by thehickness of only 2-5 monolayers. The shape of Rkl
form-factor envelopes of the layers that comprise each bicurves is strongly dependent on Ir layer thickness. The
layer. Although the superlattice peaks arour(@0@) appear —Squarenesfa ratio of the remanenceMp) to the saturation
to be composed of only one envelofigecause the two en- magnetization ¥g)] and the saturation field Hg) are
velopes for Co and Ir layers are close to each othéme  strongly related to each other. The samples aroiyd15
peaks around004) are composed of two distinguishable en- A, corresponding to the second AF peak, show typical, ideal
velopes. The center of one envelope coincides with the pea&ntiferromagnetically coupleH curves, with little rema-
of buffer Ir(004) and the other one is close to fcc4064)  nence, high saturation field, and constant susceptibility. On
but at an obviously larger angle position. If we suppose thathe other handMH curves of the samples aroutig=11 A

FIG. 2. X-ray diffraction patterns of Co7 A/lttg) A(002) su-
perlattice. Thet,’'s value is denoted in each figure.
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FIG. 4. MR curves of Co/l001) superlattices with high satura-
tion field and little remanence.
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or t, =23 A show large remanence and low saturation field. )

They are typical of ferromagnetically coupled or noncoupled 03 / |
hysteresis curves. ' /
The MR curves for antiferromagnetically coupled super- \

lattices are shown in Fig. 4, measured at room temperature
with the applied field and current parallel to tHeO0] direc-
tion. Samples designed with Ir layer thickness thinner than 9
A were measured up to 90 kOe and the others were measured Fig. 5. MH and MR curves measured alofip0] and[110] in
up to 15 kOe. All samples were saturated at fields lower thapjane for[Co 7 A /Ir 31 A]5(001) superlattices. The upper figure
90 kOe except those films with the thinnest Ir layer thick-shows MH curves obtained with applied field parallel {200]
ness; i.e.t,=5 A. Rounded shapes at low field and little (solid line) and[110] (broken ling. The bottom figure shows MR
hysteresis in the MR curves indicate ideal antiparallel aligncurves measured with applied field paralle[1®0] (solid line) and
ment of the magnetic moments of adjacent Co layers at loW110] (broken ling.
field. The MR ratios at the first and the second AF peaks are
about 1.1%. On the other hand, MR ratios of ferromagnetisame field ofH~500 Oe. The magnetization curve for
cally coupled samples are very small, for instance, typicallyH[[110] saturates at around 1400 Oe, while the magnetiza-
less than 0.1%. This MR value is larger than previoustion for Hl[100] does not saturate and saturate below 3 kOe.
reports®=*2 on Co/Ir multilayers prepared by sputtering on The difference inMH curves oft, =31 A along[100] and
thinner buffer layers. The saturation figtts estimated from [110] directions implies that this superlattice shows an ideal
MR curves agrees well with that estimated friviH curves  magnetization process with competition between cubic an-
at the second and the third AF peaks, so it is reasonable isotropy and antiferromagnetic couplifd.The inflection
believe that we determinedg from the MR curve of the points atH~500 Oe indicate that two different magnetiza-
thinner Ir samples with highis. tion jumps occur for the twdH loops, respectively; that is,
The magnetization process is dependent on the directioa spin-flop type jump occurs in thed10] MH loop and a
of the applied field, the magnetocrystalline anisotropy, anchonsymmetric-type jump occurs in tfiz00] MH loop. The
coupling strength, including its sign, between adjacent ferroeasy axis in fcc-Co is known to be parallel to thEl1]
magnetic layers. In the cubic case, samples have fourfoldirection and thg110] axis is harder than thgl11], but
symmetry in the film plane. The easy axis is expected to beasier thar{100].}’ Taking demagnetization fields into ac-
parallel to eithef{100] or [110] directions. The magnetiza- count, it is reasonable that the easy axis is parallel to the
tion process along different directions for superlattices at th¢110] in plane.
third AF peak is shown in Fig. 5. The measurements were Other antiferromagnetically coupled samples, designed
carried out at room temperature and MR aviéi curves of  with thinner Ir layer thickness than above, aroupe:5 A or
t,,=31 A sample were obtained alofigg10] and[100] direc-  t,=15 A, displayed inflection points in tHdH curves remi-
tions. In both MR andMH curves, a clear difference is niscent of spin-flop type or nonsymmetric-type magnetiza-
found. Slopes of the magnetization curve #8f[110] and  tion jump, but we could not observe a clear distinction be-
HI[100] look similar at low field. They jump at almost the tween the two directions in the film plane. If a large

-0.4
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1.0 T tion periods are generally 10-20 A for long periods and
arourd 4 A for short periods. From theoretical consider-
08 L (a | . ;
. ations, the dependence of the coupling energy on spacer
thickness can be expressed in the following general form:
< 0.6
= 04 - 1 -
s J“ZE % Ay SIN27NIN i+ b)),
0.2 -
wheren is the spacer thickness in monoatomic layer units
0.0 and m denotes spanning vectors that contribute to interlayer
2 T T T coupling. The wavelength,, corresponds to one of the os-
100 (b) - cillation periods and¢,, is a characteristic phase of each
oF E oscillation period. As we mentioned in Sec. |, multiperiodic-
T ] ity has previously been found only in sandwich systems with
n 2t - noble metal spaces. Short period oscillations have not usu-
g 10 __ ally been found in multilayer systems because of the imper-
£ «E 3 fections of layer structure, e.g., accumulative interface
aF ] roughness and/or discrete thickness fluctuatforiée have
.l ] observed three AF coupling peaks at aroupe 5, 15, and
. [ | | 33 Ain 5-40 A region. Compared with previous reported

multilayer systems, present Ca001) system behaves pecu-
liarly in terms of its oscillation periods; i.e., the AF peaks do
not appear periodically. According to the calculation by

FIG. 6. The Ir layer thickness dependence of the AF couplingStllesss the longest period is about 10 monolayer
oscillation. (@) Thet, dependence on squareness of Go0f) su-  (~19 A). Although this value corresponds well to the spac-
perlattices(b) Thet, dependence on saturation field of C@@p1)  ing between the second and the third AF peaks found in our
superlattices. result, it is hard to elucidate the origin of the first AF peaks

without considering multiperiodicity because no AF peak,
difference exists between the AF coupling and the magnetoassociated with the first AF peak, occurs around 20-28 A,
crystalline anisotropy energies, thdH curves are domi- Superposition of several periodicities with periods close to
nated by the stronger term. Evidently the magnetocrystallin€ach other could also explain this peculiarity. In any case, it
anisotropy is so much smaller than the strong interlayer couls necessary to explain this aperiodic oscillation by introduc-
pling that no clear difference is observed between the maghg multiperiodicity to multilayer system. The band structure
netization processes for different directions. of Ir, which belongs to the & transition metal group is not

Figure 6 shows the Ir thickness dependence of the saturg0 simple, even in the bulk state, so that many spanning
tion field and normalized remanence at room temperature ofectors could exist along thg01] direction®® Although
Collr (001 superlattices. The saturation fields were deterthis aperiodic coupling oscillation is likely to be associated
mined by theMH and MR measurements along the hardWith multiperiodicity originating in the complicated Ir band
axis,HI[100]. As mentioned above, in the thinner Ir samplesstructure, we cannot consider its band structure to be that of
the saturation fields obtained alofi)0] and[110] look very the bulk because of the large misfit. We believe these pecu-
similar to each other because the saturation field is almodtarities are not features of only this system but would be
completely dominated by strong AF coupling. An unusualfound in other high-quality superlattices witid4r/and 5
striking inharmoniously is found in both normalized rema- transition metal spacers. We would like to encourage theo-
nence(squarenegsplot and saturation fieldHs) plot. The  retical investigation.
intervals between AF peaks in the Ir thickness dependence of
Hg or between valleys in the squareness plot of the Ir thick-
ness dependence reveal an irregular period of antiferromag-
netic coupling oscillations. The samples with Ir layer thick- We succeeded in the growth of high-quality C(3D1)
nesses near 5 A-7 A possess a very strongpitaxial superlattices via MBE. Co and Ir layers both pos-
antiferromagnetic coupling constadt=2 erg/cnt att,=6 sess fcc structure. The magnetic easy axis lies in plane for all
A, while the system must become ferromagnetic in the limitsamples and the easy axis is parallel to [th&0] direction.
t,—0. Here, we suppose that the coupling constant can bMIR ratios are small, even for AF coupled samples, while the
expressed ad=HgM /4 and that the anisotropy energy coupling constants were particularly strong compared with
is negligible. The sample with thinnest Ir layer thicknessother typical systems. The most interesting result is the ape-
(t,=5 A) possesses a saturation field in excess of 90 kOejodic coupling oscillation, which may be due to a superpo-
corresponding taJ=2.2 erg/cm. This estimated coupling sition of several periods corresponding to spanning vectors
strength is exceeded only by the Co/Ru systém. of the complicated Ir Fermi surface. In order to make clear

In many magnetic multilayer and sandwich systems thathese peculiarities, i.e., strong AF coupling and aperiodic
show interlayer exchange coupling, the coupling oscillationcoupling oscillation, further studies on sandwich samples
results in periodic AF peaks or MR maxima, and its oscilla-with thicker Ir layers are in progress.

0 10 20 30 40
Ir layer thickness (1&)

IV. CONCLUSION
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