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Epitaxial growth, perpendicular magnetic anisotropy, and domain structure
of Co/Pt(311) and (112) multilayers
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We have simultaneously growfrCo(t A)/Pt(10 A)]s, (t=2-10 A) multilayers on 811 and P¢111)
planes by molecular beam epitaxy. The(3af) and P(111) seeding layers were prepared on
Mo(211/Al,045(1100) and M@110)/Al,04(1120), respectively. New epitaxial relations between Pt and Mo
layers in both cases are established by electron and x-ray diffraction. The Co/Pt multilaye(81i Were
grown mainly as 4311) structure but mixed with a small amount @11) phase. The Co/P311) multilayers
display large perpendicular magnetic anisotropy with results comparable to those @flthesamples. In
addition, the Co/R811) multilayers exhibit stripelike magnetic domain structure with domain displacement
growing along thd011] azimuth, in marked contrast to tH&11) multilayers which show a very irregular
domain structurelS0163-18209)04401-X

The magnetism of magnetic multilaydidL’s) composed taxial relations between Pt and Mo seeding layers in both
of modulated ferromagnetic-nonferromagnefeNF) layers  cases are reported. The interplay between the crystal orien-
and magnetic thin films have attracted much attention in retation and magnetic domain structure in these systems are
cent years. For instance, Co/Pt multilayéfsand ordered also discussed.
alloy films®>~** with large perpendicular magnetic anisotropy ~ The crystal growth of the Co/Pt ML's was carried out by
(PMA) and Kerr rotations have received considerable inter2 Vacuum Product made molecular beam epitaxy system
est both for basic research and application for high-densityMBE-930). Details of the chamber in which the crystal
storage. Reduced dimensionality of the magnetic lagtera  growth took place are provided elsewhété>To enable the
few monolayerstogether with the symmetry breaking in the growth of high-quality samples, the sapphire substrates were
F-NF interfaces of the ML'’s, or in ordered alloys for similar chemically precleaned and then introduced into the growth
reasons, can result in the change of magnetic property frofhamber and outgased at about 1000 °C foh under
in-plane to perpendicular alignmeht! In addition, the in-  ultrahigh-vacuum conditions before initial deposition. Pure
terfacial strain and polarization effect in the F-NF interfaces(99.99% Mo, Pt, and Co elements were evaporated from a
are also important to the PMA effect. Theterfacial struc-  Separate e-beam source. The (311) and (11
ture, such as the interfacial roughness or alloy formation[Co(t A)/Pt(10 A)]x30 (t=2, 2.5, 3, 4, 5, and 10 AML'’s
thus plays an important role in determining the PMAWere grown on 200 A Pt/200 A Mo seeding layers onto
effect!-8-11 epitaxial grade AJO5(1100) and ALO5(1120) substrates, re-

It has also been demonstrated that PMA and other magspectively. The epitaxy of the CofRL1), (110), and (100
netic properties depend sensitively on the crysté@ntation  ML's had been firmly established by employing GaAs sub-
in the Co/Pt ML's>®" For instance, thél11)-oriented Co/Pt strates and using Ag and Pt as the seeding layers.

ML'’s exhibit much enhanced PMA effects compared to the The base pressure of the MBE system is of about 2
other low-index planes such as thE00) and (110) growth X 10 ° Torr. During deposition of the Co/Pt ML'’s, the
orientations. Most of the previous studies had been focusegrowth pressure was controlled below<80~° Torr, the

on low-indexed-orientation films which exhibit a large PMA deposition rates at-0.05-0.1 A/sec. To retain the sample
effect. Much less work was devoted to study films or ML'’s uniformity the sample holder was rotated with a constant
with high-indexed orientations. The difficulty lies in the speed of about 30 rpm. The substrate temperatures were kept
sample preparation in the first place. Indeed, the thermal stat optimal® conditions ¢ T,,/3) of 900 °C for the Mo seed-
bility and ordering of the high-indexed planes such as théng layer and 500 °C for the Pt seeding layer. The Co/Pt
(n11) surfaces are of fundamental interest andML's were grown at room temperature to avoid interdiffu-
importance:®3 In this investigation, we study the epitaxial sion between the Co and Pt layers.

growth, crystal and interfacial structure, as well as the PMA  The surface and bulk crystal structures of the Co/Pt ML's
effect in mainly(311)-oriented Co/Pt ML’s grown on Pt/Mo were investigated by reflection-high-energy-electron diffrac-
seeding layers. For comparison, we also study @d1R}  tion (RHEED) and x-ray diffraction(XRD), respectively.
ML’s simultaneously prepared with th811) samples. Epi- Magnetic hysterisis loops and the magnetization values were
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FIG. 1. Schematic diagrams showiiig the lattice geometry
and unit cell(indicated by bold linesof the fcc(311) plane andb)
epitaxial relations of the P211) and Mq211).

measured by polar magneto-optical Kerr effdEIMOKE)

and vibrational sample magnetomet®SM), respectively.
The PMOKE and VSM measurements were carried out at
room temperature in a magnetic figtldup to 20 kOe. Note
that the penetration depth of the He-Ne laser X
=632.8 nm) is of about 200 A, so only about the top 10—15
(Co/P} bilayers can be probed by PMOKE. Magnetic do-
main structures of the Co/Pt ML’s were observed by employ-
ing a polar Kerr microscope and a magnetic force micro-
scope(MFM) equipped with a phase detection module. The FIG. 3. RHEED patterns fd@), (b) 200 A Mo(211), (c), (d) 200
magnetic tip with a CoCr-coated Si tip magnetized along théd Pt(311), and (e), (f) the subsequenttop Co layers of
tip axis was used to scan the magnetic domain structures irCo(3 A)/Pt(10 A)]5, multilayers. The RHEED beam was directed
the MFM tapping-lift mode. Domain images represent thealong the M¢011] for (a), (c), and(e), and along the Md11] for
detected frequency shift of the vibrating cantilever. It has(b), (d), and(f).

been showlf that MFM contrast can be associated with up-

and down-magnetized domains. relations (OR’s) for the (311 ML'’s:
For Co/Pt ML's studied here we have fcc MLs (31Dlfcc P(311)lbcc Ma(211)IAl,05(1100),
decided (by RHEED and XRD the fO”OWing orientation ML’S[011]”P[Oll]”MO[lll]”Al203[0001], and
. ML’'s[233]IP{233]IMo[011]IAI ,O5[1120]. Detailed tilt

0.4 XRD scang® show that the(311) ML’s are mixed with a

Pt[01-1]| Mo]001] small amount of twinned211) phasé’ possibly for large

Mol[1-11] lattice mismatchabout 10% between the Co and Pt lattice
@, Pt[-110] spacings. Schematic diagrams of the lattice geometry and the

epitaxial relations between the fcc(®11) and bcc M@211)

) planes are provided in Fig. 1. Note that the growth ¢BP1)
; & P21 on the Md211) plane is due to the good match of both the
] Mo[1-10] 2D cells and the atomic densities. The unit cell of3Rf)

® @ plane, 2.77 A<9.19 A, fits very well with two repeat cells
@, é of the Ma(211), 2.72 Ax4.45 A, as illustrated in Fig. 1. In

addition, the atomic density for the(B1.1) plane, 0.079 A?,
OMo @ Pt is rather close to that of the M11) plane, 0.082 A2,
For Co/Pt111)) ML's the out-of-plane OR was

FIG. 2. Schematic diagram showing the in-plane epitaxial rela-d€termined as fce MLE1D)lifcc P{11D)lbce
tions of the P{111) and Mg110). Mo(1101Al,05(1120). Tilt XRD scans indicate that the in-
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FIG. 4. RHEED patterns fota) 200 A Mo(110), (b) 200 A
Pt(111), and (c) the subsequent(top Co layers of
[Co(3 A)/Pt(10 A)js, multilayers. The RHEED beam was directed H (kOe)
along the M§110] for (a), and along the fc¢211] for (b) and(c). FIG. 6. PMOKE hysteresis loops pEo(3 A)/Pt(10 A)ls mul-

tilayers grown on(a) Pt311)/Mo(211)/Al,05(1100) and (b)
plane OR for Ril11l) on Mo(110 layers is neither the Pt(111)/Mo(110/Al,04(1120).
Kurdjumov-SachsKS, fcd111]lbcd111]) nor exactly the
Nishiyama-Wassermann(NW, fcd110]lbcd001]) rela- Details of the interfacial structuresuch as the alloy forma-
tionship?®2! Instead, it is closer to the NW orientation but tion) in the Co/P311) or (111 ML's will be simulated by
with the fcc PE110] azimuth rotated with a unique seréby  the fitting of XRD data for the future work.
~0.4° from the bcc ME001], as determined by the in-plane ~ BY PMOKE we have studied the dependence of PMA
x-ray diffraction. The in-plane epitaxial relations between
Pt(111) and Mq110 are schematically illustrated in Fig. 2.

Typical RHEED patterns of the M211) and subsequent
Pt(311) layers are shown in Figs(& and 3b) and 3c) and
3(d), respectively. The subsequent growth of Co/Pt ML's
remains mainly ag311) structure with however increased
surface roughnes§Figs. 3e) and 3f)] compared to the
Pt(311) surface[Figs. 3¢)—3(d)]. Furthermore, RHEED ob-
servationg Figs. 4a)—4(c)] show that the Co/Pt11) ML’s
possess much smoother interfaces than those of3h#
ML'’s. The distinct interfacial roughness is also revealed by
the XRD spectra where th€811) ML's show no satellite
peaks[Fig. 5@)] but the(111) ML'’s display clear superlat-
tice satellites[Fig. 5(b)]. The larger interfacial roughness of
the Co/P{311) [compared to th€111) ML's ] could be re-
lated to the factor of surface energy and strains between the
Co and Pt layers. The effect of lattice strain is evidenced by
the relatively large shift of the fundamental pdatkdexed as
Co/P{31)) in Fig. 5a)] in the (311) ML. This together with
detailed radial XRD scaR$ (not shown herereveal that
there is as much as 2.8% contraction of the perpendicular
lattice parameter in the @10 A) layers of the(311) ML’s.
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206(degree) FIG. 7. MFM images scanned fropCo(3 A)/Pt(10 A)]3, mul-
) ] tilayers grown on (a8 P1311)/Mo(211)/Al,04(1100) and (b)
) FIG. 5. X-ray diffraction spectra dfCo(3 A)/ PY(10 Allgo mul- P(111)/Mo(110/Al,04(1120). The arrow direction ir{a) is paral-
tilayers grown on (a) PY311/Mo(211)/Al;05(1100) and (b)  |g| to the underlying RO11] azimuth. The scan areas are
P111/Mo(110/Al,05(1120). 15 umx 15 um in both figures.
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upon the Co thickness,=2, 2.5, 3, 4, 5, and 10 for a  the magnetic history of the samples.
fixed Pt thickness at 10 A. The best PMA effects occur at Typical MFM images of the311) and (111) ML’s are
tco~3 A for both the(311) and(111) ML’s. The Co/Pt311)  displayed in Figs. (& and b), respectively. Interestingly,
ML (te,=3 A) display large perpendicular magnetic anisot-the (311) ML’s exhibit stripelike magnetic domain structure
ropy with loop squareness S.96, polar coercivityH,  and the domains grow quite uniformly along the in-plane fcc
=5.6 kOe, and Kerr rotatior#,=0.2°. The results of the [011] azimuth as shown in Fig.(@. The reason is believed
(311 ML [Fig. 6(@] are comparable to those (S.98, related to the crystal anisotropy of the #&11) surface and
H.=7.8 kOe, andh,=0.18°) of the(111) ML [Fig. 6b)], in  large strain between the Pt and Co elements in the ML’s. The
marked contrast to th€l10 and (100 oriented ML's which  crystal anisotropy together with the lattice mismatch between
show a very poor PMA effect? the Co and Pt in_turn could result in highly anisotropic de-
From theM-H spectra measured by VSNhot shown  fects along on€[011]) of the two([011] and[233]) principle
here, the effective perpendicular magnetic anisotropic con-azimuths. Further measurements such as the cross-sectional
stant Ker=K, +2K/tc,) for the Co/Pt111) and(31D ML's  TEM will be carried out for this investigation. On the other
are obtained? By linear fitting of thetc, Keﬁ Versustco  hand, the(111) ML’s show much irregularimazelike and
curves, we have calculated the bulk anlsotroplc_ Co”Starﬁomogeneous domain structure as shown in Fig), 7in
(K,) as~—(2-3)x10 7 erg/cni and the surfacéor inter-  on e contrast to those of thd811) ML’s. The MFM re-

face anisotropic constantK;) as~0.1-0.15 erg/c?n for sults of the(111) ML'’s are likely related to the sixfold sym-
our epitaxial Co/Pt ML’s. TheK 4 values in this work are metry of th(e(ll)],) plane y y

slightly smaller than those reported earlier by the other In summary, we have prepared Cd@) and (111)

research groups. ML's on P#311) and P¢111) planes by molecular beam ep-

For the domain structure studies, the Co/Pt ML's were. S . .
demagnetized prior to the MFM measurements. During th faxy. The high-indexe¢311) plane of Pt is stab|l|zeq by thg
0(211) due to the excellent match of the atomic density

demagnetization processes, the films were saturated in o ) X o ,
and 2:1 ratio of the 2D unit cells. A new epitaxial relation

direction by applying a perpendicular magnetic field greate X : ;
than the coercivityH.. . Then, a magnetic field with opposite Petween RL11) and Md110 interface is also established.
The Co-Pt interfaces of th€811) ML’'s are much rougher

direction near the nucleation coercivigy;,, was applied and
the magnitude of the field was kept constant. Indeed a poldf@n those of thé¢11l) ML’s due to the factor of surface
Kerr microscope was employed to monitor the developing ofnergy. The(311) ML's display large PMA with results
magnetic domains in a large area during the demagnetizatiofPmparable to those of th@11) samples. Further, th@11)
process. After the magnetic domains had been developed, thdL's exhibit stripelike magnetic domain structure and the
magnetic field was turned off, and the sample was moved tdomains grow quite regularly along specific crystalline azi-
the MFM stage for further observation. The growth of mag-muth, in marked contrast to thel11) ML's which show
netic domains in both cases all show wall motion dominatednuch uniform and irregular domain structure. We demon-
(WMD) behavior. In the WMD case, domains nucleate fromstrate that there is a strong correlation between the crystal
widely separated nucleation centers with low anisotropy deerientation and the domain structure.

fects. As observed from the polar Kerr microscope, the mag-

netization reversal processes started from the nucleation cen- We are grateful for the financial support by the ROC NSC
ters, then grew up via domain wall displacement. In additionunder Grant Nos. 87-2112-M-006-014 and 87-2732-M-006-

we find that the locations of the nucleation sites depend of01.
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