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Perpendicular magnetization in ultrathin electrodeposited cobalt films
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Electrodeposited ultrathin cobalt films on @d1) covered with a protective copper film can show perpen-
dicular magnetization exactly like their ultrahigh-vacuum-grown counterparts. At high deposition rates of
cobalt, out-of-plane magnetization is stabilized in the thickness range from 2 to 8 atomic layers while low
deposition rates favor in-plane magnetization at any thickness. The cobalt films possess hcp structure with the
c axis perpendicular to the Ali11) plane. The technigue is versatile and leads to quality standards comparable
to those obtained by molecular-beam epitaxy, but at a much lower[&3163-18207)51236-7

Up to now, most of the knowledge on ultrathin magneticchemicals in bidistilled water. No additives have been used
films referred to molecular-beam epita®yBE) techniques.  and pH=4 is achieved by adding 48O, to the solution.
Although MBE techniques have reached a high degree oBulk deposition of cobalt is performed only after a high-
perfection, they rely on state of the art and costly equipmenfluality gold Au111) electrode has been identified by its
operating under an ultrahigh vacuuitdHV) and are some- charact_er|st|c\/§><_22 reconstruction ar_1d dereconstruction
times not compatible with large scale productions of nanoP€aks n the cyclic voltammograntsyclic current-voltage
structured materials. On the other hand, electrochemiclUrves. In order to avoid possible perturbation by hydro-
deposition techniques are cheap, versatile, and allow a Wio%en relea_séthe eff|0|e_ncy of Co (_alectrodeposmon_ is 96%
range of parameters to be adjusted. They are ideally adapti € quantity of deposited cobalt is measured during desorp-
to the engineering of nanostructured advanced material ion only. Therefore, several adsorption-desorption cycles

. : . were performed before final deposition. The amount of de-
such_as superlattl'ces., fo_r4supercon§uct|rjg and .g|ant r’n"jlgmfjosited Co is obtained by integrating the Co dissolution peak
toresistance applicatiods? In addition, innovative tech-

' lopin which . dl q over time while sweeping the electrode potential. As verified
hiques can be develop€tin which magnetic needles and j,yenendently by Rutherford back-scatteriiRBS) analysis,

multilayers are grown electrochemically in pores of mem-y,iq technique allows control of the amount of deposited co-
branes leading to structures with high aspect ratios imposs it to within 0.1 AL (AL =atomic laye}. In order to induce

sible to realize by MBE and conventional lithography. Theyigely different growth modes, a set of samples of thick-
technique allows extensive control. For example, it has beefesses between 1 and 100 AL have been grown at overpo-
shown recently that magneto-optic Kerr measurements Cagantials betweem=0.18 and 0.68 \(Ref. 16 corresponding
be used to monitorin situ, the magnetization of electrode- to deposition rates between 0.15 and 10 AL/s.
posited cobalt films on copper during their grovith. Although considerable progress has been made in under-
In this paper, we present a successful electrodeposition aftanding nucleation and growth at the solid-liquid interface,
a film [in this case Co/A(111)] with a magnetization per- mainly on the basis ofn situ STM experiments/*® very
pendicular to the film plane. This configuration is of consid-little is known about how growth and structural parameters
erable interest for technological applicatiofis particular influence the magnetic properties of electrodeposited films.
magneto-optic data storagand has been stabilized previ- In an effort to understand growth and nucleation related
ously only on ultrathin epitaxial films grown in UH¥®  magnetic properties, we analyzed the current transient imme-
We show how the magnetic anisotroftie tendency of the diately after the potential stejFig. 1(a)]. The shapes of the
magnetization to align along a given directjaof ultrathin,  curves in Fig. 1a) are characteristic for diffusion limited
electrodeposited, cobalt films on A1) can be tuned con- three-dimensional growth in which the current raises to a
tinuously from in-plane to out-of-plane by carefully control- maximum and decays to a final value defined by the diffu-
ling the overpotential 7 during deposition §y=U,nieq  Sion limitation through the solution. Figuregd) shows the
— Uequilibrium) N @ beaker. same data points in a reduced variable plot. By comparing
Gold substrates were prepared by vacuum evaporation afith calculated datgécontinuous and dotted lingeby means
100-nm-thick gold films onto freshly cleaved mica substrateof Ref. 17, we find that the first part of the curves, up to the
Each sample was then flame annealed for a few seconds angshximum value of the current, are relevant for instantaneous
quenched in ultrapure water in order to remove any organi@ucleation(in which deposition is dominated by growth with
contaminants. This leads td11) textured gold films with  no further nucleationwhile at later times progressive nucle-
terraces 100 to 200 nm wide as verified by scanning tunnedtion sets inlin which new nuclei are continuously produced
microscopy (STM).** Electrochemical measurements were during the deposition proces#s an example, a film grown
conductedn a 3 electrode cell under a potentiostatic modewithin 10 s at5»=0.18 V (corresponding tdc,~3 AL) will
with a mercury sulfate electrod®SE) as a reference and a be dominated by instantaneous nucleation, most probably oc-
Pt counter electrode. Solutions o402 M CoSQ and curring at atomic steps or defects of the (ALl surfacé?®
9x10°® M Co were prepared with reagent grade, Cl and the first few AL’s will be quite uniform. On the other
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B =018V FIG. 3. (a) Hysteresis loops recorded by magneto-optical Kerr
A 1=0175V effect on a 3.6-Al-thick cobalt film. The magnetic field is applied
0'60.5 1.0 1.5 perpendiculaL) and parallel(l) to the plane. Overpotentials are
Y ax 7=0.18 and 0.68 V, respectivelyb) Set of polar Kerr hysteresis

N . . loops with magnetic field applied perpendicular to the plane for
FIG. 1. (a) Current transient immediately after the potential stepﬁlmz dvt:;l:)ositedgawlzo 238 v bplied perpendicu P

for various overpotentialg. The rapid increase of current at short

time ( t<0.5 9 is only due to capacitance charging of the doublegeryeq, At first the main line resonance frequency lies at
layer. (b) Normalized experimental data points compared to Calcu'about 226 MHz, corresponding to the resonance frequency of
lated curves for instantaneo(s--) and progressivé—) nucleation. bulk hcp Co with a local magnetization direction perpendicu-

I max correqunds to the maximum current reachedygj on the lar to the crystalc axes(the resonance frequency becomes
current transient. 222 MHz when the magnetization is parallel to thexes.

, , , ) This, together with the fact that this sample exhibits an in-
hand, the films obtained a=0.68 V (high supersaturation  jane magnetization, confirms the good quality of its crystal-
grow by continuously forming nuclei at ariy,, leading first  |oqraphic structure and th@001) texture. The second fea-
to a hig.h den;ity of disconnected islands with high crystaly e is the shoulder at 217 MHz corresponding to fcc Co.
lographic quality as seen by NMEgee below, and then t0  gjnce for fec Co the resonance frequency does not depend on
films with a fine granulation. Cobalt films have been coveredpe magnetization direction, using NMR will not tell us the
in situ by an additional 30-AL-thick Cu film after addition of (o1 re of the fcc contribution. Both fcc and hep frequencies

2 . .
a 10 “ M CusSQ, solution to the base solution. The Cu/ are exactly like those observed for bulk Co, meaning that the
Co/Au films have finally been removed from the solution andgiyain in the Co film is nearly relaxed. For both high and low

tested(ex sity for their magnetic and structural properties. overpotentials, the content of fcc cobalt is the same and in-
The Cu films provide a very efficient, pinhole-free protection,,q\yes about 20% of the bulk Co atoms. The last feature is
of the Co films. _ _ _ the lack of an NMR signal below 165 MHz, suggesting that
The local crystallographic structure of the buried Co filmSe interfaces ar quite sharp. In the case of rough interfaces
has been studied by zero-field nuclear magnetic resonangge signal has been shown to extend at least down to 120
(NMR) at 1.5 Kwith a broadband automated spectron@ter. MHz.2 Moreover, the NMR intensity between 165 and 210
The NMR spectrum obtained for the Cul@a AL)/Au 7 (purely interfacial signalcorresponds to almost 1 AL
sample deposited at high overpotential and=pHis dis- 4 g per interface as expected for sharp interfaces. The
played in Fig. 2. Several characteristic features can be oly;ge frequency range on which the interfacial signal is
spread can be explained by the variety of interfaces which
hep Co—»;& can be encountered in those samples: fcc Co with Cu or Au
neighbors, and hcp Co with Cu or Au neighbors also, i.e.,
l four different lines with as many different resonance fre-
x quencies. Possible hydrogen release during Co electrodepo-
\

sition does not seem to play an important role since NMR
spectra and therefore the proportion of fcc to hcp structures
are not altered for a much lower pH of 1 instead of 4.

\ Both magneto-optic Kerr effect measurements and alter-
| nating gradient field magnetometffGFM) have been used

Spin Echo Intensity
o
(o}
Q
j

/
Interface [ to measure the magnetic hysteresis loops in the configuration

0 Asatormn, W"f & with the magnetic field perpendicular and parallel to the film
- : plane. The hysteresis loops of FigaBfor 3.6-AL-thick Co
120 1o 200 240 films obtained at overpotentials of 0.18 and 0.68 V, respec-

Frequency (MHz) X . .
equency ¢ tively, reveal two completely different behaviors. #+0.18

FIG. 2. NMR spectrum of Co in the Cu/Chl AL)/Au sand- V the component of the magnetization is strongest along a
wich deposited at)=0.68 V. For discussion see text. direction parallel to the film plane. Ay=0.68 V, on the



RAPID COMMUNICATIONS

R7122 J. L. BUBENDORFFet al. 56

1.0 tc, is attributed to the fact that shape anisotropy, which tends

to align the magnetization in the film plane, overcomes the
perpendicular anisotropy. The significant role of overpoten-
tial during deposition on the magnetic properties is evi-
denced by Fig. &) which shows a steep increaseMf /M
as a function of overpotential fay>0.6 V.

Assuming a continuous film with uniaxial anisotropy, the
total energyE=—M -H+ Ksir?d, whereK 44is the effec-

MM,

0.51

% 4 8 12 16 tive anisotropy and? is the angle between the magnetization
Co thickness (AL) and the normal to the film plane. The anisotropy endthg
Lo b) second term in the enerpys related to the torque which
6.5 AL / tends to align the magnetic moments along an easy axis of

magnetization. The notion of magnetic anisotropy is fully
contained in hysteresis loops like those of Fig. 3 and can be

MM,

0.5 quantified by calculating the area between perpendicular and
J parallel magnetization curves. The effective anisotropy thus
._’./ obtained can be wgwed as the sum pf three terkg;
=K, tKs/tco—27M3 (Ref. 9 whereK, is a volume and
0.0—532 04 0.6 0.8 K an interface contribution and7M? is the shape anisot-
Overpotential (V) ropy. A fitting procedure along the lines described by Beau-

villain et all® in the regime where the film is continuous
FIG. 4. (a) Ratio of remnant magnetizatiod, over saturation  providesK,=670 kJ/nf andK,=0.8 mJ/m. Since in our

magnetizationM in the perpendicular configuration as a function interpretation we did not consider the second-order term

of film thickness for»=0.18 and 0.68 V(b) M, /Mg as a function K;sin“ﬁ to the total energy expression, olr value con-

of # for cobalt films 6.5 AL thick. The continuous increase of tains both first- and second-order contributions. Our value of

I\_/Ir/MS shows the_ evolution towards fully out-of-plane magnetiza—KU, however, is in good agreement with known values ob-

tion at overpotentialsy=0.68 V. tained by the same analysis for MBE grown filmé&, in-

L L cludes contributions from both the Co/Au and Co/Cu inter-
o_ther hand, the €asy direction _Of the magnetization is PETPERAces. The contribution of the Cu coveragektp, however,
dicular to the film plz?me, as 1s clear from the rectangularis supposed to be negligibttherefore the value df ¢ must
shape of the hy_stereS|s loop. Elgu(e))ashows the e.volut|on. be attributed mainly to the Co/Au interface. The negative
of the perpendicular hysteresis loop as a function of film

. . . . values obtained foK s belowt-,=7 AL again confirm that
thickness for the films grows=0.68 V. Quite remarkable is : eff . Co S .
the absence of an open hysteresis looptfgr 2.5 AL, the the perpendicular orientation of the magnetization is stabi

) e lized.
sudden opening of the magnetization curve at about 3 AL, Overpotential controlled nucleation and growth opens up

and its stretching out above 7 ML. The saturation magneti- L . _
: B L unexpected routes of tailoring the magnetic properties of ul-
zationM;=1375-100 G as measured by AGFM is in good o magnetic films. Our results may find applications

agreement with bulk values. wherever a control of the magnetic anisotropy needs to be

Th‘? ratio of the_ remnant _magnet|zat|qr1\/|r=|\_/l(H achieved, as in magneto-optic recording media and magne-
=0)] in the perpendicular direction over the saturation magy,egjstive sensors. Our main result is that perpendicular

netizationMg, provides a good measure of the tendency Ofmagnetization can be induced at high supersaturatiagh

the system to stabilize.the_ out_-of-plane configuration. _Wherbeposition rates of cobaltlue most probably to a massive
M, /Ms=1 the magnetization is fully perpendicular. Figure o mation of small hep islands for which both crystalline and
4(@) showsM, /M as a function of the film thickneds, for  ghane anisotropy contribute to perpendicular magnetization.
two widely different deposition rates. The ability of high apisotropy values calculated by fitting the high supersatura-

growth rates to stabilizg the out-of-plane configuration for 3tion data are comparable to those obtained for MBE grown
AL <tco<7 AL (M, /My is close to ] appears clearly while  fimg |n future research, the top layer contribution to the

the out-of-plane magnetization is never stable at low deposinerface anisotropy should be investigated in more detail.
tion rates. The zero value ™, /Mj for tc,<2.5 AL of films Certainly more information is needed on the atomic scale
grown at high deposition ratgalso reflected in the absence growth mechanism of the active layer. In this respect re-

of any hysteresis in the first magnetization curve of Fi@p) B cently developedn situ STM on deposition of magnetic
may be due to superparamagnetic islafldsith a large size films is particularly usefut®22

distribution, on the verge of percolation. In contrast, films
grown at low deposition rates show ferromagnetic behavior This work was supported by the Centre National de la
at thicknesses as thin as 1 AL. The drop\éf/Mg at large  Recherche ScientifiqueCNRS-ULTIMATECH program.
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