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Effect of [111] texture on the perpendicular magnetic anisotropy
of Co/Ni multilayers
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[111]4 oriented[ Co(2 A)/Ni(7 A)],o multilayers were prepared by molecular beam epitaxy at
room temperature on epitaxial Au/Ag buffer layers grown on chemically etchdd Bisurfaces.

NH,4F etching of S{111) leads to a smaller spread in t{l 1) orientation of the Au/Ag buffer layers

and the Co/Ni multilayers as compared to a similar sample prepared on HF-et¢héd).SThis

results in a stronger perpendicular magnetic anisotropy as determined from the magnetic hysteresis
loops. Cross-sectional transmission electron microscopy studies show that the magnetic multilayer
film is not flat but has significant waviness at both top and bottom surfaces. The observed waviness
originates in part from the waviness already present on the surface of the Au buffer layer and
appears to be further enhanced by the difference in the surface free energies of Au and the magnetic
elements. A flatter Au/Ag buffer layer is essential to further improvd 1d] texture of thg Co/Ni]
multilayers. © 1998 American Institute of Physids$s0021-897¢98)06718-9

INTRODUCTION used prior to loading the @i11) substrates into the load lock
of the MBE deposition systentii) etching with a 10% HF

matilz)rr;m(;fa&émrtr:(z)a Cr?;g::art'g?;l(ilr?gagsizgrgensgze?ppmé;al_solution and(ii) etching with a 40% NI solution. Previous
9 Y by 9y studie§® have shown that these processes passivate the

deropet al! recently predicted and demonstrated a perpenz.. . o o
dicular orientation for the magnetization 11}, Coy/Ni, Si(111) surface against oxidation by hydrogen termination of

. ; . the dangling Si bonds. In addition, scanning tunneling mi-
Q?J?ﬁgr (Sl\r/:l(;\)lvg;tjrugure; -Ie—ﬂzlilgglz(rz ér:gNlﬁit}i_\c) ]Zgn,\ig;tro croscopy studies have shown that etching with a dilute HF
: a perpendicu’ gnetic. P¥o1ution produces surfaces with microscopic roughtt@gs)
(PMA) with a saturation magnetizatiori ® T which is much

larger than that of any known PMA multilayer consisting of whereas etching with Nif results in atomically smooth sur-

) i éaces over areas on the order of 1008 A000 A * We have
a magnetic and a nonmagnetic metal, e.g,, Co/Pt, Co/P used these two different methods of chemical etching of the
Collr, etc? In fact, the PMA exists for a Co/Ni ML with 9

teg=2 A andty between 2 and-12 A. Furthermore their Si(111) surface in order to obtain epitaxial Au/Ag buffer

work! clearly demonstrated that a large interface anisotropIayers with differenf111] texture and correspondingly dif-

. ¥erent texture for the Co/Ni ML. Structural characterizations
could occur even when both elements were magnetic. The

magneto-optical properties of GiNi, ML samples prepared were performed usin@ situ reflection high energy electron

9 P brop F2 ples prep . diffraction (RHEED) during the growth process and x-ray
by high vacuum vapor deposition on a glass substrate WltrEiiffraction (XRD)/rocking curves to quantitatively determine
metallic underlayergAu, Cu) have been reported by den 9 q y

3 . . " the degree of111] texture, while the interfacial/surface fea-
Broederet al®> For certain deposition conditions, the polar o : . . : _
. . . tures and epitaxial orientation relationships between Ag/Si,
magneto-optic hysteresis loop of a 120 A @i, ML ex- . ) : |
L X L . u/Ag, (Co/Ni) ML/Au were investigated by cross-sectional
hibited 100% remanence with a coercivity as high as 14 ransmission electron microscogyEM). Also the surface
kA/m. On the other hand a codeposited Co—Ni alloy film :

L . " ... __morphology of the films was examined by atomic force mi-
with similar thickness, composition, and growth conditions ; .
. . ; . _croscopy(AFM) to explore any possible correlation to the
showed a strong in-plane anisotropy. This observed differ: . )
. ; . : N PMA properties of the films.
ence in magnetic anisotropy is a clear indication that the
PMA results from[111] oriented Co/Ni |r_1terfaces. EXPERIMENT
In the present work, we have carried out a systematic
study to determine the effect of th&l1l] texture on the PMA In an earlier study, the growth of epitaxial 8d.1) films
of a Co/Ni ML. [111]. oriented [Co(2 A)/Ni(7 A)],,  on HF-etched $i11) surfaces at room temperature as well
multilayer films have been fabricated by molecular beam epas the details of substrate preparation, growth conditions,
itaxy (MBE) at room temperature on epitaxial M00 A)/  epitaxial orientation relations, etc., were describ&tiefly,
Ag(100 A) buffer layers grown on chemically etchedBil)  these films were grown in an ultrahigh vacuum environment

surfaces. Two different methods of chemical etching wereausing an MBE deposition system with a base pressure of
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better than X 10 1° Torr. Si111) substrates were etched
either in a 10% HF solution for about 30 s or in a fH
solution for about 5 min and then rinsed in deionized water.
In both cases the substrates were pulled slowly from the
solution so as to have visibly clean surfaces without any wet
spots. The evaporation rate was approximately 0.05 nm/s
based on a quartz crystal thickness monitor which was cali-
brated using a diamond stylus profilometer. The measured
thickness has an error af10%. RHEED patterns were con-
tinuously monitored during the deposition to gauge the qual-
ity and surface structure of the films. Fabrication of the
samples involved the growth of an initial 100-A-thick, epi-
taxial Ag(112) layer on a hydrogen-terminated(81l1) sur-
face (sample No. 1 with HF etching and sample No. 2 with
NH,F etching at room temperature followed by a 100-A- FiG. 1. RHEED patterns during Ag deposition at room temperataie(c)
thick, Au(111) layer, and then the epitaxial correspond to the HF-etched(811) substrate anéd)—(f) correspond to the

; : _R_thi NH, F-etched Sil11) substrate(a) and (d) show patterns obtained from
[CO(Z A)/NI.(7 A)]ZO ML. A fma_ll 2(_) A thICk'_ Au cap Iayer Si(fl:l) substrate viewed alon¢l10) azimuth;(b) and (e) after a 3 A Ag
was deposited to prevent oxidation. A third sample NO. 3yeposition:(c) and (f) after 100 A Ag deposition.

was prepared with a thicker buffer layer of @00 A)/
Ag(500 A) on NH,F-etched Sil11) in order to determine the

effect of a thicker buffer layer on thel11] texture of the indicative of a relatively large spread in the orientations of
magnetic ML. (111) planes with respect to the film normal, although
Standard x-ray diffraction(6—2¢) scans and rocking sample Nos. 2 and 3 show a smaller spread as compared to
curves were performed with a Rigaku powder diffractometetthat of sample No. 1. AFM measurements, however, reveal
using CuKa radiation. The surface morphology of the films very similar morphological features for all the films with a
was examined by a Digital Instruments Nanoscope Ill Mul-mean roughness amplitude Bf,~50=10 A over a lateral
timode atomic force microscope operating in the contaclidth of ~500 A. This means that the magnetic ML layers
mode. TEM cross-sectional samples were fabricated byre not atomically flat but have a significant waviness. In
bonding two films face to face, mechanical thinning, andorder to understand the origin of the surface waviness in the
then ion milling. Atomic resolution TEM was performed on magnetic ML as well as the observed FWHM of the XRD
a JEOL 4000EX transmission electron microscope operatingocking curves, cross-sectional TEM studies have been per-

at 400 keV. Magnetization measurements were done at roofigrmed on one of the samples which will be described later
temperature using a Quantum Design superconducting quafk this article.

tum interference devic€SQUID) magnetometer with mag- Magnetic hysteresis loops were measured at room tem-
netic fields applied both parallel and perpendicular to theserature on the films by varying the applied magnetic field H
film plane in order to elucidate the PMA properties. in both parallel and perpendicular orientations with respect

to the film plane. Figures 2 and 3 display such loops for
sample Nos. 1 and 2. The shape of the hysteresis loops with
H perpendicular to the film indicates that the easy axis of
Figure 1 shows the RHEED patterns observed along thenagnetization is along the film normal or at least close to it.
(110 azimuth of Si at the initial stages of the Ag growth on However, the hysteresis loops measured with H parallel to
the HF-etched $111) (sample No. 1 and NHF-etched the film plane are more complex to interpret. We speculate
Si(111) (sample No. 2 substrates. During the initial growth that(i) the magnetization of the film is canted with respect to
of Ag the diffraction spots are sharper for the Mi-etched film normal, and/or(ii) the film is magnetically inhomoge-
Si(111) substrate[see Fig. 1e)] as compared to the HF- neous with some regions having their easy axis of magneti-
etched Sil111) substratesee Fig. 1b)] indicating a better zation in the film plane.
orientation, although at later stages the RHEED patterns look The various characteristic magnetization parameters de-
very similar[Figs. 1c) and Xf)]. The RHEED patterns indi- termined from the hysteresis loops are listed in Table I. All
cate that the growth of Ag on @Eill) is epitaxial with  three samples exhibit PMA with a saturation magnetization
Ag(111)lISi(111) and[110],4[110]s;. In addition, the closely ©oMs~0.9 T (averaged over the Co/Ni multilayer volujne
spaced spots observed on the vertical streaks indicate thgom the area between the two magnetization curves, the
presence of 180° twins of epitaxial Ag crystallites about theeffective anisotropy energy constank}; is calculated.
Ag(111) planes X-ray diffraction (XRD) measurements fur- Sample Nos. 2 and 3 exhibit largkt values, perpendicular
ther confirm the[111] texture of the films as only111) remanencesN]l g /M), and coercivitiesil 1) as compared
peaks of the Au/Ag buffer layers @2-38.2°) and the Co/Ni to the corresponding values for sample No. 1. These data are
ML (2 6~44.3°) are present. The rocking curve data pre-also consistent with the hysteresis loops observed in the par-
sented as full width at half maximugFWHM) of the (111) allel geometry which have smaller remanendédg(/Myg)
diffraction peaks for both the Au/Ag buffer layers and Co/Ni and coercivity Hc;) values for sample Nos. 2 and 3 than
ML are shown in Table I. The large values of the FWHM arethose of sample No. 1. Further the valuekgf d (the product

RESULTS AND DISCUSSION
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TABLE |. XRD parameters and magnetic characteristic§@f(2 A)/Ni(7 A)],, multilayer samples.

FWHM FWHM K% Hey Hey Mg, /Mg Mg /Mg
Sample Au/Ag Co/Ni (MJ/m®)  (kA/m)  (KA/m) (%) (%)

No. 1 1.9° 1.8° 0.18 39 20 73 21
HF-etched Sil11)
100 A Au/100 A Ag
buffer layers
No. 2 1.6° 1.5° 0.26 68 20 82 16
NH,F-etched Sil11)
100 A Au/100 A Ag
buffer layers
No. 3 1.4° 1.4° 0.27 85 16 82 15

NH,4F-etched Si111)
500 A Au/500 A Ag
buffer layers

Accuracy of FWHM is*+0.1°.

K} -effective anisotropy energy constant.

H¢, ,Hc, -coercive fields in parallel and perpendicular field configurations, respectively.

Mg /Mg,Mg, /Mgrelative remanence magnetization in parallel and perpendicular configurations.

of the effective anisotropy constant and the bilayer pgrisd hill regions. The average surface roughness amplifueé0
found to be~0.19 mJ/m for sample Nos. 2 and 3 which is A) from the micrograph agrees with the AFM determination.
comparable to the value of 0.3+0.1 mJ/n? extrapolated These modulations of the magnetic layers are apparently a
from Fig. 1 of Ref. 1. These data, in conjunction with the continuation of the surface waviness from the underneath
XRD/rocking curve data, indicate that a smaller spread in théu/Ag buffer layer which arises from the three-dimensional
(111) planes of the Co/Ni ML results in a stronger PMA. growth of Ag on hydrogen-terminated ($11) at room
Thus a further improvement in the orientation of el 1) temperaturé. However, AFM measurementot shown
planes of the Co/Ni ML should result in better PMA proper- here on a sample consisting of only A800 A)/Ag(500 A)
ties. layers without any magnetic ML exhibited a smaller ampli-
As mentioned earlier, AFM measurements on all threegude ofR,~35 A over a lateral width of 500—600 A. Thus
samples reveal very similar surface morphological featurethe deposition of the magnetic ML seems to further enhance
indicating that the magnetic ML layers are not atomically flatthe waviness of the ML/Au interface. Perhaps this can be
but have significant waviness. In order to understand the oriunderstood in terms of the difference in surface free energy
gin of these features, a cross-sectional TEM study on sampley) between Au~1200 erg/cr) and the magnetic elements
No. 3 has been undertaken. Figure 4 shows a low-resolutioBo, Ni (~1800 erg/crf).® Sincey of the magnetic elements
TEM micrograph of the sample viewed along #id0) zone is much greater thary for Au the tendency will be for the
axis of Si. The presence of waviness at both top and bottormagnetic layers not to wet with Au, but for Au to creep into
surfaces of the Co/Ni ML film is obvious with the waviness the magnetic layers and cause an increase in the amplitude of
characterized by cusplike valley regions and relatively flattethe interfacial waviness.
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FIG. 2. Hysteresis loops for sample No. 1 with the applied magnetic field HFIG. 3. Hysteresis loops for sample No. 2 with the applied magnetic field H
oriented parallel and perpendicular to the film plane. oriented parallel and perpendicular to the film plane.
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[Co/Ni] ML

FIG. 6. High-resolution TEM image of Co/Ni multilayer/Au interface near a

FIG. 4. Low-resolution cross-sectional TEM image viewed alo : S i .
9 ng 5 cusplike valley region in Fig. 4. The arrows indicate the interface.

azimuth of sample No. 3.

A model developed by Brurfian be utilized to discuss Figure 5 shows the selected area diffraction pattern
how the surface/interfacial roughness modifies the magneticSADP) and the corresponding indexed pattern from an in-
anisotropies of our Co/Ni ML films. According to their terfacial region of the Si substrate, the Au/Ag buffer layer,
model a rough film is characterized by two parameters: on@nd the Co/Ni multilayers along th@ 10) zone axis of Si.
is the roughness, which is the mean square deviation from The epitaxial orientations are (SLDIAu/Ag(11D)
an ideally flat surface, and the other is the correlation lengttCo/Ni(111) and [110]s{l[110]a/agl[110]coni- One also ob-
¢, i.e., the average lateral size of the flat areas on the surfaceerves diffraction spots corresponding to 180° twins of
They have shown that the change in demagnetizing field i&u/Ag and Co/Ni with orientation relations of
given byAHy/Hy=—(3/2) o1~ f(2mal{)], whereHyis  Si(111)IAu/Ag(11DICo/Ni(111) and [110]g{I[110]aygl
the demagnetizing field due to shape anisotrapy the film  [110].,\ in agreement with the RHEED observations. The
thickness, and(2mo/{) is a function that varies between O epitaxial growth between Ag and Si can be explained by the
and 1. Similarly, any other surface/interface induced uniaxial4:3 coincident growthwhile the epitaxy between Au and Ag
anisotropy fieldHy  is modified according to the equation results from a very close lattice match between Au and Ag
AHKU/HKU=—20/§. Using the measured values@find{  (lattice misfit ~0.2%. On the other hand there is a large
of ~40 and~500 A for sample No. 3AH4/Hy=—0.1 and lattice mismatch of~15% at the interface between Au and
AHKU/HKU: —0.16. Although a reduction OHKU is not either Co or Ni. Thus one can expect that the lattice misfit

will be accommodated by the formation of misfit disloca-
tions at the interface as well as in the magnetic layers. The
presence of a large lattice mismatch between Au and Co/Ni
lattices can also lead to a three-dimensional growth of the
magnetic layers on Au causing a further increase in the wavi-
ness of the magnetic filtf. Indeed, a high-resolution TEM

favorable for enhancing the PMA, the reductiorHg favors
an out-of-plane alignment of the magnetization.

. 0® ] o° image (see Fig. & of the interface near a cusplike valley
» & g o region reveals several 180° twins/twin boundaries in the Au
n : - buffer layer and numerous defects in the magnetic ML in-
LN "y of cluding dislocations, stacking faults, twins/boundaries, and
. 90 ® 002 .ot other misaligned regions. We believe that these features ac-
- count for the large FWHM measured for the XRD rocking
.t B 0o ™ curves, and also for the presence of possible magnetic inho-
o - mogeneities in the Co/Ni ML in all three samples. As previ-
0 " @ . . .
n oD L ously speculated, decreasing the waviness of the ML films
Y ¢ LI should result in better orientation of ttigl1) planes of the
* - n o’ multilayers and correspondingly improve its PMA proper-
A = ties. This can be achieved by starting with a flatter buffer
(a) (b) layer. In a previous study500-A-thick Ag films when an-

nealed at 275 °C fol h under ultrahigh vacuunfUHV)

FIG. 5. (a) Selected area diffraction patte(SADP) of overlapping Si, . -
Au/Ag buffer layer and Co/Ni ML regionshy Indexed pattern ofa) with  conditions showed a smoother morpholog 10 A) with

W, ®, ¢ being primary spots of Si, Au/Ag, and Co/Ni, respectivelyand & S_igniﬁcamly reduced FWHM of thel11) XRD peak: A|SO' _
¢ are from 180° twins of Au/Ag and Co/Ni, respectively. using Cu as a buffer layer instead of Au could possibly mini-
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