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Large coercivity and surface anisotropy in MgQ' Co multilayer films
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The multilayer films of (30 A MgO/12—-65 A Cgj) were deposited on oxide-coated(I5i0) wafers in a
UHV chamber by rf and dc sputtering. Structural analyses reveal that the films with Co layer thiclkgess (
above 16 A have well-defined layer structure, however, Co layers become discontinuous to some extent when
teo is down to 12 A. MgO layers arél00) oriented, and Co layers have fcc phase with(26€) parallel to
MgO(200) whentc, is below 20 A, but the hcp phase is stabilized in thicker Co layers (25A=<65 A) with
hcp(110 parallel to Mg@200). There is no evidence of exchange bias stemming from the oxidation of Co, and
all films exhibit planar magnetization. Coercivity of higher than 12 kOe was observed at 10 & jfor
=12 A, which is far beyond the effective magnetocrystalline anisotropy field of fcc or hcp Co. The thickness
dependence of coercivity at 10 K follows a linear scale ag,1/With the increase of the temperature, the
coercivity decreases, and the maximum value at room temperature is about 420tQe=@% A. A proposal
to evaluate the surface anisotropy via initial susceptibility measurement along the film normal direction for a
film with planar magnetization is presented. Surface anisotropy is thus determined to be about 1.3a&rg/cm
10 K and 0.4 erg/cfat room temperature with the film normal as the hard axis. Surface anisotropy has been
demonstrated to be a dominant term to determine the magnetic behavior of MgO/Co multilayer films, espe-
cially at low temperature.

DOI: 10.1103/PhysRevB.63.104418 PACS nuni®er75.50.Vv, 75.30.Gw, 75.70.Ak

[. INTRODUCTION Nevertheless, Co spin polarization in the magnetic tunneling
junctions can even vary from positive to negative because of
High density magnetic recording media primarily requiresthe different bonding effects at the interface of Co and
a high coercivity to overcome demagnetizing fields that tendxidest>*? It can be expected that the nanostructured FM/
to destabilize the magnetization of the recorded bits an@xide interface produces rather complex properties, which
weakly exchange coupled fine grains to obtain a satisfactoryill open a possible way to explore novel physics and ex-
signal-to-noise ratio. Future generation 100 Gbitsfirag-  Ploit exciting applications.
netic media would need to have a coercivity higher than 4 Because of the relatively high magnetic anisotropy, a
kOe, and well-isolated grains of less than 10 nm in sizevariation of magnetic properties, and some different phases
which approaches an intrinsic physical limit on grain size,depending on preparation conditions, ferromagnetic metal
i.e., the superparamagnetic limit. In order to retain thermaC0 as well as Co-based alloys is especially highlighted.
stability, magnetic anisotropl¢, as high as 10erg/cnfis a  Since magnesium oxide has a very simple crystal structure
prerequisite in such small partidég_As a consequence, and is Chemically very stable, we thus multilayered a Co film
magnetic granular systems containing ordered equiatomify inserting MgO layers. In this article, we present features
CoPt and FePt, which have extremely high anisotrdpy, Of the structural and magnetic properties of MgO/Co
have attracted particular interest recerifl§.On the other ~Mmultilayer films.
hand, surface effects occur with the reduction of the sample
dimension. This might be an important source to enhance the
magnetic anisotropy and alter the magnetic behavior in the
nanostructures. Up to date, extensive investigations have The multilayer films of MgO/Co were prepared in a mul-
been concentrated on the perpendicular anisotropy itisource magnetron sputtering system with a base pressure of
multilayer films being composed of transition metal ferro- <3x10 ° Torr. Sputtering was administered in a very pure
magnetgFM) Fe, Co, Ni, etc, and nonmagnetldM) metals  Ar (>99.9995% atmosphere of 2.8 mTorr at ambient tem-
Cu, Ag, Au, Pt, Pd, eté.Indeed, surface anisotropy in some perature with rf and dc power inputs of 55 and 6 W for high
cases is strong enough to overwhelm the tendency of inpure MgO(99.9% and Cd99.9%) targets, respectively. The
plane magnetization favored by the strong magnetostaticesulting deposition rates were 0.4 A/sec for MgO and 0.5
shape anisotropy and switch the easy axis of magnetizatioA/sec for Co. In this study, all samples consist of 30 bilayers
perpendicular to the film plane. Meanwhile, some evidencef MgO/Co and a cap layer of 120 A MgO, which were
indicates that the nanostructured FM/oxide interface plays grown on native oxide-coated (300) wafers for structural
critical role in determining a system’s properties. For ex-characterization and magnetic measurements, or on polyim-
ample, the coercivity of an ultrathin Co film with perpen- ide films for cross-section transmission electron microscopy
dicular magnetization was found to decrease to lessjfain  (XTEM) observations. The Co thickness was varied from 12
its magnitude upon coverage of a 30 A MgO la¥fer, to 65 A, and the MgO thickness was kept constant and equal
whereas large coercivity in Fe/Sj@ranular films could be to 30 A from one multilayer to another. The microstructure
interpreted only by taking into account surface anisotrdpy. was examined with a Hitachi H-700H transmission electron

IIl. EXPERIMENT
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FIG. 1. X-ray scattering spectra f¢a) low-angle x-ray diffrac-
tion, (b) high-angle x-ray standardé® scans,c) 26/6 scans with
sample tilted aty=40.2°, (d) 26/6 scans with sample tilted af

=54.7°.
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films with relatively thick Co layers, however, the high order
peaks gradually disappear with the decrease of Co thickness,
and the diffraction peaks only up to the second order are
visible for the multilayers withtc,=12A. On the other
hand, the bilayer thickness, determined from the peak posi-
tion, agrees very well with the designed value. These results
indicate that the layered structure profile is somewhat poor
when the Co layer is very thin, but it improves greatly with
increasing Co thickness. Figurgbl shows the standard
high-angle x-ray #/6 scattering spectra for the representa-
tive multilayers. Several features are noted. MgO layers are
(200 textured in all these multilayers, and the texture be-
comes stronger with increasing Co thickness ur),
=20A, at which it aimost saturates. There are several satel-
lite peaks near MgQ00) for tc,>16 A because of the high
quality of the artificial structure. From the width of the
MgO(200), beyond the instrumental width, the structural co-
herence length has been determined to be about 35 A for all
samples, a little larger than MgO thickness, which means
that the coherent growth throughout the whole film does not
take place. Except the strong MgD0) and some satellite
peaks, a very weak and broad peak around 51.1° was found
for multilayers withtc, less than 20 A, but it disappears or
might be submerged in the satellite peaks as Co thickness
increases, meanwhile, another peak around 75.1° appears
and grows to be very sharp. The former seems to come from
Co fca200, whereas the latter cannot be identified as Co
fcc(220 or heg110) because the two peaks are very close to
each other. One can easily calculate that the1@D plane

is at an angle of 40.2° with respect to KtpO for Co. So if
there are oriented hcp Co grains with 114.0) planes paral-

lel to the film plane, the x-ray scattering peak from the
hcp(101) plane should be observed by tilting the film normal
by 40.2° with respect to the x-ray incident plane. The tilt
angle is denoted ag. Since the angle between @20 and
(111 planes is 35.3° and that between (@0 and (111
planes is 54.7°, we performed a series éfé2scans withys
=35.3°, 40.2°, and 54.7° for all samples, where an attach-
ment for pole figure data collection was used for the primary
optics, and a parallel plate collimator used for diffracted
beam. There is no observable peak near 44.2° for all samples

microscopy operated at 200 kV with magnifications of wheny=35.3°, so any possibility of €20) oriented fcc Co
200000 times. X-ray diffraction spectra were collected withlayer is eliminated. When samples were tiltediat 40.2°,
a Philips X'Pert Materials Research Diffractome(&tPert-
MRD) and a Rigaku powder diffractometer, both usingwas found only forto,=25A. As can be seen clearly in Fig.
CuK « radiation. The electric resistivity was determined by 1(c), the hcgl01) peak becomes very sharp with increasing
the four-probe technique. Magnetic hysteresis loops and a€o thickness. On the other hand, one can note that in Fig.
and dc susceptibilities were obtained via a vibrating sampld(d), the tilting sample aty=54.7° does not result in the
magnetometefVSM), a Quantum Design Physical Proper- occurrence of a fdd11) peak fortc,>20A, but a fc€111)

ties Measurement SystetPPM9, and a Quantum Design peak does appear fog,<20 A although it is very weak. So
superconducting quantum interference devi8@®UID) mag-

netometer.

IIl. STRUCTURAL CHARACTERIZATION

an appreciable peak at 47.5° corresponding to Cqlxp

the fcc phase is stabilized in thin Co layers (1&A&,
<20A) with the fc€200 plane parallel to the Mg@00)
plane. The weak fcc peaks for both normal and tilt scans
suggest that Co grains in this thickness region are very fine,
which may come partly from the large mismatch between

The structures of all samples were examined by x-rayMgO(200 and Co fc€200). With the increase of the Co
diffraction. In Fig. Xa), low-angle x-ray diffraction patterns thickness,(110 oriented hcp Co is convincingly confirmed.
of representative MgO/Co multilayers are shown. A largeWe would like to point out that the unit cell of Co hdd0),

number of artificial structure peaks are observable for thet.342 Ax4.070A,

matches MgQ@00 quite well,

104418-2



LARGE COERCIVITY AND SURFACE ANISOTROPY IN. .. PHYSICAL REVIEW B3 104418

4.213Ax4.213 A, which gives rise to the strongl§110)
preferred orientation for thick Co layers.

Although low-angle x-ray diffraction provides the most
important evidence about the layer structure, electric resis-
tivity can offer some supplementary information. It should
be noted that all Co layers contribute to the conductivity
because of the connection between neighboring Co layers at
the film edges or at other perturbations. The resistivity for
(30 A MgO/65 A Coy, is thus determined to be about 50
u€) cm, which is somewhat higher than the value for bulk Co
because of the defects and/or stress in the multilayered films.
With the decrease of Co thickness, the resistivity gradually
increases untitc,=25A, at which the resistivity is about
100 Q) cm. Further decreasing Co thickness results in a
much faster increase of the resistivity, and a percolation limit
for Co layer was found near 12 A.

Based upon above x-ray scattering results and resistivity
measurements, a picture for the layer structures of MgO/Co
multilayers could be proposed. Since the surface free energy
of Co is much higher than that of MgO, each Co layer tends
to form fcc islands with(200 parallel to Mg@200 at the
early stage of the growtlf. These individual islands will
grow gradually, but most of them do not impinge on each
other until the Co layer reaches a critical thickness. This is
the case fote,<12 A. As the Co thickness increases, the Co
layer becomes continuous, and the larger the thickness, the
flatter the layer of Co untitc,=20A. On the other hand,
MgO seems to wet Co because of the very high melting point
of MgO.1>'® Therefore, thicker Co layers with improved
morphology lead to sharper layer profiles, which was ob-
served in the x-ray diffraction. Since the mismatch between
fcc Ca200 and MgQ200) is very large, and fcc Co itself is
metastable at room temperature, Co layers, for a lower en-
ergy state whems,=25A, transform to hcp phases with the
(110 plane parallel to the MgR00) plane, which perfectly
matches as described before.

The above picture of the evolution of the microstructure
with the variation of Co thlckne_ss IS further confirmed by FIG. 2. Cross-section transmission electron micrographs for
XTEM on almost half of the multilayers. Figure 2 shows the multilayers of (@) teo=12 A, (b) te=25A, and(c) te,=50 A.
representative electron micrographs. First we would like to
mention that the large long scale roughness on both sides ekternal field in the film plane. Figure(@® shows the Co
the film is just an effect of the sample preparation process fofhickness dependence of coercivity at room temperature. The
XTEM, and no columnar growth takes place for the MgO/Cocoercivity is null fortc,=12A. With the increase of Co
multilayel’s, which is consistent with the high'angle X'raythicknessy the Coercivity rap|d|y rises to 420 Oe ﬂ@b
diﬁraction resultS. The XTEM micrographs Clearly ShOW tha.t:25A’ then |t decreases gradua”y' From MeH curves
the multilayers withtc,>20A have high structural perfec- depicted in the inset of Fig.(8), the feature of no hysteresis
tion with a surprisingly flat interface, however, a much lessjy the multilayers of (30 A MgO/12 A Ca),reminds one of
perfect layer structure happens for the sample Wih  superparamagnetism, which is convincingly demonstrated by
=12A, where the Co layer is discontinuous to some extenh comprehensive examination of its magnetic behavior pre-
although the feature of layer structure remains observable.sented in detalil later. The superparamagnetism is suppressed

with the increase of Co thickness, and the coercivity and
IV. MAGNETIC PROPERTIES remanent m_agnetiza_tion ratio thus increase L_t@g'#: 25A.
For the multilayers withic,=25 A, the hysteresis loops have

Magnetic hysteresis loops at room temperati®&) and  a similar shape with a remanent magnetization ratio of about
10 K were measured. All samples exhibit planar magnetiza0.8. A representative loop fag,=25 A is also shown in the
tion without perpendicular anisotropiyl-H curves with the inset of Fig. 3a). Coercivity in this thickness region, mainly
external field along the film normal are straight lines beforedetermined by the domain nucleation or pinning of domain
turning to saturation, where no remanent magnetization isvalls through local anisotropy, monotonically decreases with
evident. The hysteresis in this article was obtained with arincreasing Co thickness.

500A
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© I peaks for Co layers in different thickness regions were found
9 sl to shift to lower angles slightly, which means that Co layers
= [ - Ry are somehow compressively stressed, only a small negative
:‘g 6l [oemse] magnetoelastic aniso'_[ropy is expectgd if the magnetostriction
o ! = Vi T‘m// constant of bulk Co is assumed. Since the interface layers
> 4 g 5 B could be partially alloyed, the magnetostriction constant of
O - 8 / ) j/ Co may not necessarily be bulklike. A large strain at the first
2 21400 Wi )5“;4/ 1 interface layer, which relaxes at the next layers, will give rise
- to a surfacelike anisotropy. In order to make this clear,
BT — : samples with constant MgO and Co layer thickness but vary-
1/50  1/30 120 115 110 ; .
ing number of bilayergfrom 10 to 30 were prepared. The
1/’tCo (1/A) magnetic measurements show that the coercivity is indepen-

dent of the number of MgO/Co bilayers, which means that
FIG. 3. () Thickness dependence of coercivity at room tem-there is little possibility for the surfacelike anisotropy in-
perature(b) Variation of coercivity at 10 K as a function of recip- duced by the large strain at the first interface layer. The large

(0.1<v<0.2),

rocal thickness of Co layer. The hysteresis loopsfg=12 and 25  coercivity and its behavior suggest that a large surface effect

A at room temperature and 10 K are displayed in the inset®of occur at MgO/Co interfaces.

and (b), respectively. Coercivity decreases for all multilayers as temperature is

raised, and the thinner the layer of Co, the faster the de-

In Fig. 3(b), the coercivity at 10 K is plotted as a function crease. The value of coercivity at relatively low temperature

of the reciprocal Co thickness. Two hysteresis loops correcan be fitted by

sponding totc,=12 and 25 A at 10 K are also displayed in

the inset of Fig. &). Several features are noted. A huge a bT\”

coercivity of 12.6 kOe was found for(30 A HC:G 1- (G)

MgO/12 A Co),. To the best of our knowledge, this is the

largest coercivity for Co multilayer films with or without WhereT is temperature and, b are constants for different

perpendicular anisotropy. The value of coercivity falls with samples. Figure 4 displays the temperature dependence of

increasing Co thickness, and follows a linear scale &g,1/ coercivity for tc,=16 and 25 A, where solid lines are the

perfectly in the whole thickness region from 12 to 65 A. Thefitting results withv=¢. As is well known, the energy bar-

hysteresis loops for quite a few samples were measured aftéiers, which uniquely determine magnetic reversal process at

cooling the samples from room temperature with an externdow temperature, can be overcome by the thermal fluctuation

field of 30 kOe, however, no exchange bias was found for alpt elevated temperature. Thermal activation and probably re-

of them. So the great enhancement of the coercivity foduced surface anisotropy seem to be responsible for the dras-

MgO/Co multilayers at low temperature could not stem fromtic decrease of coercivity as temperature rises. Gaimtes-

the coupling with antiferromagnetic CoO surface layerstigated domain wall pinning by a random array of

Since the large coercivity is even much higher than the efinhomogeneities, and predicted that the effect of thermal ac-

fective magnetocrystalline anisotropy field for fcc or hep Co, tivation on coercivity byH = H§%(1— consixT?9) for the

some other sources that contribute to the anisotropy energstrong pinning model, andHc=H(1—consT) for the

must exist. From the x-ray diffraction, both fcc and hcpweak pinning model with the assumption of magnetization,

104418-4
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The surface effect is indispensable to account for the hys-
L essseeees. teresis behavior of MgO/Co multilayers at low temperature.
[ eeeesasessets P We present the evaluation of the surface anisotropy below.
— T Fe d The magnetocrystalline anisotropy for hexagonal crystals is
2 | J generally expressed as
s | J
< F J E,=Kjsir? a+K,sint a,
S /
30 [ Vi wherea is the angle between magnetization vector andcthe
< | /o/° axis. When the(110 plane is taken as thg-y plane for
ZFC 0‘0"”0 (a) another coordinate system, the above expression is rewritten
[o0 o—ororO'O'O'o'cl)‘o— | ‘ as
2 E <1K £ +(1K +1K)sin20+3K sirf 9
r Frequency ./' % a— |5 N1T g2 ST Ko q N2
_ T, ; po#%% 2 8 2 4 8
z ot —o— 10" Hz JF 1 1 1
= e 10°Hz SN —| =K+ =K,+ =K, sir? 6| cog 6 cos 2p
= ./. £ o i 2 2 2
L —o—10* Hz { g
O
= 1
= +§cho§‘0cos4<p,
?'éc | ! v
_mmﬂ;nmm;ﬂ:ﬂ;ggg;a;aéﬁéﬁ?éﬁf ) where 6 is the angle between the magnetization vector and
. , , , the (110 plane, andp is the azimuthal angle of the magne-
0 100 200 300 400 tization in the(110 plane with respect to the axis. For

(110 oriented polycrystalline films, cos¢2and cos 4 are
averaged to be zero. If the film normal is the hard axis of the
FIG. 5. (a) Field-cooled and zero-field-cooled dc susceptibility magnetization(including the shape anisotropyan external

versus temperature with an applied field of 100 ®eTemperature  field H applied perpendicular to the film plane wiltag the
dependence of ac susceptibility with the frequency varying from 10magnetization out of the film plane, which is determined by
to 10* Hz.

Temperature (K)

exchange, and anisotropy energies unvarying with tempera- T=— wzo

ture. Neither model is applicable to the multilayers of MgO/ 70 ’
Co. In magnetic ultathin films, a finite size effect may occur,
and surface or interface roughness and defects become ve' 1
important for the magnetic reversal process, so any model to MsH siné (Zeeman energy o
describe the hysteresis properties of ultrathin films must take_ 1€ €quilibrium condition for the magnetization is thus
these features into account. given by

Although magnetic hardness is established for multilayers
of (30 A Mg0O/12 A Co), at low temperature, thermal acti- (k n Ek i
vation seems to become the key issue at room temperature. ! 2o
In order to demonstrate this point convincingly, dc and ac
susceptibility(y) measurements were performed. Figut@5 Where
is the variation of dc susceptibility with temperature for two

ereEq=1(47M2)sir? ¢ (demagnetization energyE, =

3 3
m+ zkzm —h=0,

different initial conditions. The curve denoted FC is for the —sing ko= Ky K2 d he —
sample initially cooled from 40t5 K in thepresence of a m=sing, mz M2 an YA

100 Oe external field, and for which the susceptibility was

measured in the same field during the warming process. The py gifferentiating the above equation, one obtains the sus-
ZFC curve is for the sample initially cooled in zero field and ceptibility of hexagonal110) oriented films as

then measured in a field of 100 Oe. A cusp in dc suscepti-

bility is evident for the ZFC curve, below which an irrevers- 1
ible difference between FC and ZFC magnetization occurs. X= - L
We further studied its relaxation process by ac susceptibility. (ky+zkp+4a)+3kom

Figure 8b) shows the temperature dependence of ac suscep-

tibility at different ac frequencies. One observes that the ac For cubic crystals, similarly, the magnetocrystalline an-
susceptibility peak shifts to higher temperature as the freisotropy can be expressed in termséfthe angle between
guency goes up. Superparamagnetism and the associatergnetization vector an@l00) plane, andy, the azimuthal
blocking phenomenon have thus been confirmed(8 A  angle of the magnetization ifl00) plane with respect to
MgO/12 A COg [100] crystallographic axis, i.e.,

104418-5
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1 3 1 . 7 1 .
Ea=§Kl+(ZK1+§K2>sm2 6—(§K1+ZK2)sm46 . (a)
1/0.050 s .
+1K i 0 (1K +1K in? 6| cod 6 cos 4p [ %
SsKysin? 60— 5 =K, si cos’ 6 cos 4. .
8 2 g1 82 1/0.068F * el
The equilibrium condition for the magnetization of cubic 5 1/0-07 S
(100 oriented films with an external field perpendicular to 1/0.08¢ o
the film surface is derived to be r )
1/0.10F
3 1 7 3 1/0.12¢ T RT
_kl+_k2+4’7T m— _k1+k2 m3+—k2m5—h=0 e L L
2 2 4 1/50 1/30  1/20  1/15 1/10
and the susceptibility is given by Ut (11A)
1 1.6

Y Gkt dko+4m)— 3(5ky ko)t hom HHHE Ly
Therefore, by measuring the susceptibility and magnetization i ] i
in the film normal direction, one can determine anisotropy
constants for hexagon&l10 or cubic (100 oriented films
with planar magnetization. A very simple expression of the
initial susceptibility is given by

0.4} E
1

Xo= k,+4m’
0.0 L

where ky=k;+ 3k, for hexagonal (110 films and 3k, 0 50 100 150 200 250 300
+ %k, for cubic(100) films. In thin films, surface or interface Temperature (K)
anisotropy becomes important. A phenomenological descrip-

tion of the surface or interface contribution to the magnetic  FIG- 6. (&) Plot of the reciprocak, as a function of the recip-
anisotropy is given by rocal Co thickness at 10 K and room temperature. The solid lines

are the fitting results, and the dashed lines are guides to théye.
Temperature dependence of surface anisotropy.

K, (erg/cm?)

2
Es=1K Sir? 6,

where 6 is the angle between the magnetization and film<20A. The magnetic anisotropy for hcp and fcc phase Co is

plane, andt, the thickness of magnetic layers. We use theduite different; a varyingk, is expected for different Co

Work,l8 where positivd(s means that the film normal is the K. On the other hand, thermal agitation destabilizes the di-

hard axis. By performing the same procedure as describe@ction of magnetization for relatively thin Co layers at el-
above, one obtains the initial susceptibility while consideringevated temperature, so the susceptibility is not solely deter-

surface anisotropy: mined by the magnetic anisotropy and external field. In Fig.
6(a), the solid lines are the fitting results for the data points
_ 1 of tce=25A, whereas the dashed lines are guides for the

Xo (4t)ks+k,+47’ eye. Interesting enough, the line connecting points Qf

=12 and 16 A is almost parallel to the fitting line fog,
=25A at 10 K, which suggests that the surface anisotropy
does not vary much while Co layers change from fcc to hcp
thin films with planar magnetization. This is the case forphase. _The surface ams_otropy was deduced by fitting the
MgO/Co multilayers. data points otc,=25A. Figure @‘b) shows the temperatu_re
The initial perpendicular susceptibility was measured fordependence of the surface anisotropy in MgO/Co multilay-
all samples from 10 K to room temperature with an ac fielders. The surface anisotropy was found to be as high as 1.3
amplitude of 10 Oe and a frequency of 1000 Hz. Figu@ 6 +0.2 erg/cm with the film normal as the hard axis at 10 K,
displays the reciprocat, as a function of the reciprocal Co Which monotonically decreases to @.8.2 erg/cmi when the
thickness at 10 K and room temperature. A linear depensamples are warmed up to room temperature. We would like
dence of 1k, on 1tc, was found fortc,=25A, however, to point out that thgerpendicular susceptibilitynethod is a
the data points fot.,<20 A deviate from the straight lines. very simple way to determine the surface anisotropy with no
As is illustrated in the structural characterization, Co layersmeed of a high field. In order to verify its validity, the surface
have hcp phase fotc,=25A, but fcc phase wherng, anisotropy is derived from th#1-H curves along the per-

whereks=K/M2. The value ofks can be easily extracted
by plotting 1k~ 1/t. We would like to stress that theer-
pendicular susceptibilitynethod can be applied only to the

104418-6
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pendicular direction, which leads to the same result as the V. SUMMARY

perpendicular susceptibilitynethod. . , . .
Large surface anisotropy in MgO/Co multilayers is thus MgO/Co multilayer films with fairly good layer structure

: . . ave been fabricated by sputtering. These films show planar
well defined. One may question how the surface anlsotrop)J1 L L .
which should be isotropic in the film plane, can affect ther’nagnetlzatmn. Coercivity of higher than 12 kOe was found

in-plane hysteresis behavior. Interface roughness and defec ée 125;?:;260;"&(\;\;2?\/?0 ;?'ilénﬁsfsoﬁg\}é 'i‘ ﬂ-:satrhg:f;gszs
seem to play a crucial role, which inevitably create randomlltIO The coercivit detgreases as temperature rises. Based
inhomogeneities to induce local anisotropy. Brueiball® Co- y P ’

has ever stressed the importance of the roughness while de pon initial susceptibility measurements, a very simple way

ing with the hysteresis properties of the ultrathin films with 0 determme the surface anisotropy was proposed. A Iarg_e
surface anisotropy was found to account for the hysteresis

perpendicular magnetization. Making simple assumptions re- . . ! . i
garding thickness fluctuations as the nature of domain walpi?;t\ag of MgO/Co multilayer films, especially at low tem

pinning, he derived a coercivitid = 11t%2 wheret is the
thickness of the magnetic layer. The epitaxia{ Pd)/Co/Pd
(Ref. 20 and Au/Co/Au(Ref. 19 were found to follow the
theoretical prediction fairly good. However, neither epitaxial
Pt(111)/Co/Pt(Ref. 21 nor Co/Pd superlatticéswere con- J.W.C. wishes to thank Dr. Endo, Mr. Sakurai, and Mr.
sistent with Bruno’s theory, and the latter, in fact, exhibit aKikuchi at RISM of Tohoku University for their kind help
linear dependence df: on 1t-,. The coercivity is mostly during the sample preparation and magnetic measurements.
determined by the microstructures at the interface for théVe are very grateful to Dr. Tsutomu Nojima at Center for
multilayers with either perpendicular or planar magnetiza-Low Temperature Science, Tohoku University for perform-
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