Electrodeposition of ultrathin magnetic films of Fe and Co
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We electrodeposited ultrathin magnetic Fe and Co films of@Cl) crystals from an aqueous 0.3 M
Na,SOy/(Fe or C9SO, electrolyte in a newly developed electrochemical cell. A deposition
procedure of Fe from an organic electrolyte of propylene carbonate has been additionally developed
to prevent the significant Hevolution during the Fe deposition from an aqueous electrolyte. Fe
films of more than 8 monolaygML) thickness show the easy magnetization axis in plane. The
saturation magnetization correlates linearly with the film thickness. In the thickness range between
2 and 8 ML, the easy magnetization axis is in ff81] direction. No magnetization is observed in
films with thickness of less than 2 ML. Co films show in-plane magnetization with square hysteresis
loops and a linear correlation of the saturation magnetization and film thickness above 2 ML. The
magnetization vanishes at coverages of less than 1.5 ML as known from molecular beam epitaxy
grown films. The coercive field of the Co films varies approximately linearly from 0.9 mT at 2.5 ML

to 25 mT at 51 ML film thickness. €1997 American Institute of Physics.
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I. MOTIVATION was used as counter electrode, the potential of the Cu elec-
Electrochemically deposited films and particularly mul- frode has been measured against a standard calomel refer-

tilayers have attracted technological interest recently due t§nce electrode. The_deposmon ra_tt_e of the films was approxi-
their exciting giant magnetoresistan®MR).1~3 Co based mately 0.5 ML/s.. .ThIS high deposition rate co.mpared. t.o that
multilayers(CoPd, CoPt, CoQy usually prepared by sputter o_f a UHV depogmon should be favorab_le for f|_lm stability in
or evaporation techniques, are discussed as materials for hifW Of & possible room temperature instability of ultrathin
density magneto-optical storage and perpendiculamagnetic films on ca?
recording?~’ The electrochemical deposition of these films  The current—voltage characteristics of the Fe deposition
seems to be technologically interesting since the electrodepds shown in Fig. 1. The current—voltage characteristics of the
sition is a fast and cost effective deposition process useful t&€o deposition is similar when taking the different standard
cover large areas and applicable to mass production. potentials of Fe and Co into account. The films can be re-

The properties of electrodeposited single magnetic layerpeatedly deposited and dissolved by cycling the potential of
have so far been studied only on a few systems and in thickhe substrate. However, in the case of Fe, we find possibly an
ness ranges aboveum, where the films grow incomplete dissolution of the first monolayer Fe, observed as
polycrystalline’~*? Their characterization has usually been enhanced anodic current at potentials higher than the disso-
doneex situ The magnetic properties, in particular, of elec- ution peak, between-400 and—100 mV. Therefore, in the
trodeposited ultrathin films in the monolay@L) range are 55 of Fe, the data have been determined from films which
so far not well investigated. had been deposited onto a clean Cu surface.

The total anodic charge measured during the dissolution

Il. AQUEOUS ELECTROLYTE SOLUTIONS of Fe (dashed peak area in Fig) 5 approximately 30% of

the cathodic charge measured during the previous deposition

We deposited ultrathin Fe and Co films in the ML rangeOf the film. The discrepancy results mainlv from the simul-
onto CY00)) substrates under cleanliness conditions equiva- tim. : pancy u ity imu

lent to UHV conditions of 510~ %° mbar during molecular taneous H evolution at the Cu crystal at potentials lower
beam growth of film<2 The electrochemical cell for the film than —900 mV. Therefore, we developed a deposition pro-
deposition andn situ measurements of the magnetization by ¢edure for Fe from organic electrolytes, which does not show
magneto-optical Kerr effedMOKE) has been described in @ Simultaneous Hevolution(see Sec. Il
detail in Ref. 14. Fe films in the thickness range of 2 468 ML show the
The CUY001) surface has been prepared by electropolish€asy magnetization axis normal to the surféeig. 2, open
ing in 65% HPO, for several minutes at1.8 V against a  circles. The easy magnetization direction of films thicker
carbon electrode. The crystal was then transferred into ththan 8 ML is in plane(Fig. 2, full circle. This magnetic
cell under the protection of ultrapure waidilli-Q plus) to  behavior is similar to that observed in molecular beam epi-
prevent any degradation due to contact to the air. taxy (MBE) grown Fe/C@003]) films, from which is known
The aqueous electrolyte consisted of 0.3 M,8@/1  that evaporated Fe on @D1) at room temperature shows a

mM CoSQ, for the Co deposition or 0.3 M N8QO,/10 MM fcc/bee phase transition at a thickness of approximately 10
FeSQ for the Fe deposition. Oxygen has been removed fromy_ 16

the electrolyte by degassing with ultrapure ¢&s. A Pt wire Co films show square hysteresis loojisset of Fig. 3

indicating a uniform thickness across the measured surface
dElectronic mail: schi@mpi-msp-halle.mpg.de area of 1 mm The easy magnetization axis is in plane as is
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?_) 100 - Fe FIG. 3. Dependence of the total saturation magnetization of Co films on the
O - deposition number of ML (upperx scaling. The lowerx scaling is the equivalent
p deposited charge. The magnetic field was applied in the[@4€} direction.
The left-hand side inset shows the hysteresis loop for 6.5 ML. The right-
-200 - \V2 hand side inset shows the range from 0 to 4.5 ML thickness. The error bars
10m /S indicate £0.2 ML. The linear fit through the data above 2 ML thickness
T T T extrapolates to zero for 0 ML film thickness, demonstrating the absence of
-900 -600 -300 magnetically dead layers.
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the lack of film percolation. This behavior is compatible with
FIG. 1. Current—voltage characteristics of the Fe deposition from an aquethe partial bilayer growth mode in evaporated Cd,@Ill).”
ous electrolyte of 0.3 M N&0, and 10 mM FeS@. The arrows indicate the The coercive fields of our Co films are approximately
cycling direction (with 10 mV/9 of the deposition/dissolution of the Fe . . .
films. The deposition has been done at potentials bei@0 mv. The  t€n times larger than those observed in MBE grown films of
anodic peak around 700 mV (dashed argaepresents the dissolution of the comparable thickness. They vary approximately linearly
previously deposited Fe film. The peak area is equivalent to a charge offom 0.9 mT at 2.6 ML to 25 mT at 51 ML film thickness.
1400uC or a film thickness of 8 ML. The MOKE measurements are done at : : . ;
around—780 mV where no external current flows to or from the substrate.F,)OSSIbIe reasons for this Iqrge Coe.I’.CIV'Ity may be, th(? deppsr
tion near the thermodynamical equilibrium resulting in a dif-
ferent growth behavior than that known from MBE films and
known from MBE grown Co films. The saturation magneti- our substrate surface quality, which is still rougip to 10
zation above 2 ML depends linearly on the film thickness asym height variation on m length scalecompared to UHV
shown in Fig. 3. The magnetization vanishes below a coverprepared C(D01) crystals.
age of=1.5 ML due to the decreasing Curie temperature and  The linear correlation of saturation magnetization and
film thickness extrapolates to zero for 0 ML thickness both
for Fe and CdFigs. 2 and 3 clearly showing that there are
ML no “magnetically dead” layers in our electrodeposited films.
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\f, 1% [ The electrochemical cell and experimental procedure

prt r 15 have been similar to that described above.

g 81 Propylene carbonatd®C) has been dried over activated

Ry . - 10 mole sievegresidual water: 10—20 ppnand destilled under

wn Ar pressure of 1 mbar. As supporting electrolytes, 0.5 M

= 41 [ 5 LiClO, (dried at 300 °C, 1 mbamwor 0.2 M Tetrabutylammo-

g 1 [ niumhexafluorophosphaté TBAPF;, dried at 170°C, 1

o - 0 mbap have been added to achieve a sufficient conductivity

2 0 0 v "i’ i 2 3 4 5 6 7 of the electrolyte. For the Fe deposition in addition to the
supporting electrolyte, either Fe@ir FeC}, (saturation con-

Anodic Charge (mC) centration were dissolved in PC.

FIG. 2. Dependence of the total saturation magnetization of Fe films on the Dgpo§|thn has ij'en done on polycrystalllne .Pt- A Pt
number of ML (upper x scaling corresponding to the deposited charge Wire dipping in a solution of 0.05 M,land 0.1 M Kl in PC
(lower x scaling. Open circles(left y scaling: easy magnetization axis served as nonaqueous reference electtddée experimen-

out-of-plane(L); full circles (right y scaling: easy magnetization axis in ; ;
plane(ll; magnetic field applied ifi110] direction. The linear fit through the tal handling has been done in an Ar purged glovebag. The

data points of the in-plane saturation magnetization extrapolates to zero fdi€sidual water content during the deposition was between
0 ML film thickness. 100 and 200 ppm.
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FIG. 4. (a) Background currents using a 0.5 M LiCI®C solution(solid
curve or a 0.2 M TBAPR/PC solution(dotted curve without the addition
of Fe salts. The potential is cycled betwee@.2 and+1.8 V at 100 mV/s
in the direction indicated by the arrows. The peaks in the current—voltage
characteristics due to reactions of impurities are much smaller with
TBAPF;. (b) Fe deposition on a Pt electrode from a 0.2 M TBAIE
solution saturated with FeC{10 mV/9. The potential sweep range )
has been limited to a potential range relevant for the Fe deposition. Thi
results in a decrease of the background current to less thaf2Blo other

features can be observed at potentials higher than the electrolyte decompgs

sition.

background current is much lower with the organic support-
ing electrolyte[Fig. 4@]. A major reason for this is the
participation of the Li ion in different side reactions of the
solvent, residual water, and oxyg&hThe background cur-
rent as seen in Fig.(d) can be further reduced by a limita-
tion of the potential sweep range to belewd V avoiding
unwanted electrolyte reactiofiBig. 4(b)].

Fe has been deposited from PC with LiGl&s well as
with TBAPF; [Fig. 4(b)] as supporting electrolyte. Both iron
salts, FeCGland FeCJ, allow the deposition. The onset of the
deposition has been found at potentials arouri5 V, de-
pending on the electrolyte composition. Thick deposits have
been identified as metallic Fe by electron beam induced
X-ray emission.
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