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We electrodeposited ultrathin magnetic Fe and Co films on Cu~001! crystals from an aqueous 0.3 M
Na2SO4/~Fe or Co!SO4 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 H2 evolution during the Fe deposition from an aqueous electrolyte. Fe
films of more than 8 monolayer~ML ! 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 the@001# 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

Electrochemically deposited films and particularly mu
tilayers have attracted technological interest recently du
their exciting giant magnetoresistance~GMR!.1–3 Co based
multilayers~CoPd, CoPt, CoCr!, usually prepared by sputte
or evaporation techniques, are discussed as materials for
density magneto-optical storage and perpendicu
recording.4–7 The electrochemical deposition of these film
seems to be technologically interesting since the electrod
sition is a fast and cost effective deposition process usefu
cover large areas and applicable to mass production.

The properties of electrodeposited single magnetic lay
have so far been studied only on a few systems and in th
ness ranges abovemm, where the films grow
polycrystalline.8–12 Their characterization has usually be
doneex situ. The magnetic properties, in particular, of ele
trodeposited ultrathin films in the monolayer~ML ! range are
so far not well investigated.

II. AQUEOUS ELECTROLYTE SOLUTIONS

We deposited ultrathin Fe and Co films in the ML ran
onto Cu~001! substrates under cleanliness conditions equ
lent to UHV conditions of 5310210 mbar during molecular
beam growth of films.13 The electrochemical cell for the film
deposition andin situmeasurements of the magnetization
magneto-optical Kerr effect~MOKE! has been described i
detail in Ref. 14.

The Cu~001! surface has been prepared by electropoli
ing in 65% H3PO4 for several minutes at11.8 V against a
carbon electrode. The crystal was then transferred into
cell under the protection of ultrapure water~Milli-Q plus! to
prevent any degradation due to contact to the air.

The aqueous electrolyte consisted of 0.3 M Na2SO4/1
mM CoSO4 for the Co deposition or 0.3 M Na2SO4/10 mM
FeSO4 for the Fe deposition. Oxygen has been removed fr
the electrolyte by degassing with ultrapure N2 gas. A Pt wire
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was used as counter electrode, the potential of the Cu e
trode has been measured against a standard calomel r
ence electrode. The deposition rate of the films was appr
mately 0.5 ML/s. This high deposition rate compared to t
of a UHV deposition should be favorable for film stability i
view of a possible room temperature instability of ultrath
magnetic films on Cu.15

The current–voltage characteristics of the Fe deposi
is shown in Fig. 1. The current–voltage characteristics of
Co deposition is similar when taking the different standa
potentials of Fe and Co into account. The films can be
peatedly deposited and dissolved by cycling the potentia
the substrate. However, in the case of Fe, we find possibl
incomplete dissolution of the first monolayer Fe, observed
enhanced anodic current at potentials higher than the di
lution peak, between2400 and2100 mV. Therefore, in the
case of Fe, the data have been determined from films wh
had been deposited onto a clean Cu surface.

The total anodic charge measured during the dissolu
of Fe ~dashed peak area in Fig. 1! is approximately 30% of
the cathodic charge measured during the previous depos
of the film. The discrepancy results mainly from the simu
taneous H2 evolution at the Cu crystal at potentials low
than2900 mV. Therefore, we developed a deposition p
cedure for Fe from organic electrolytes, which does not sh
a simultaneous H2 evolution ~see Sec. III!.

Fe films in the thickness range of 2 to'8 ML show the
easy magnetization axis normal to the surface~Fig. 2, open
circles!. The easy magnetization direction of films thick
than 8 ML is in plane~Fig. 2, full circles!. This magnetic
behavior is similar to that observed in molecular beam e
taxy ~MBE! grown Fe/Cu~001! films, from which is known
that evaporated Fe on Cu~001! at room temperature shows
fcc/bcc phase transition at a thickness of approximately
ML.16

Co films show square hysteresis loops~inset of Fig. 3!
indicating a uniform thickness across the measured sur
area of 1 mm2. The easy magnetization axis is in plane as
3915/3/$10.00 © 1997 American Institute of Physics
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known from MBE grown Co films. The saturation magne
zation above 2 ML depends linearly on the film thickness
shown in Fig. 3. The magnetization vanishes below a cov
age of'1.5 ML due to the decreasing Curie temperature a

FIG. 2. Dependence of the total saturation magnetization of Fe films on
number of ML ~upper x scaling! corresponding to the deposited charg
~lower x scaling!. Open circles~left y scaling!: easy magnetization axis
out-of-plane~'!; full circles ~right y scaling!: easy magnetization axis in
plane~i; magnetic field applied in@110# direction!. The linear fit through the
data points of the in-plane saturation magnetization extrapolates to zer
0 ML film thickness.

FIG. 1. Current–voltage characteristics of the Fe deposition from an a
ous electrolyte of 0.3 M Na2SO4 and 10 mM FeSO4. The arrows indicate the
cycling direction ~with 10 mV/s! of the deposition/dissolution of the F
films. The deposition has been done at potentials below2900 mV. The
anodic peak around2700 mV~dashed area! represents the dissolution of th
previously deposited Fe film. The peak area is equivalent to a charg
1400mC or a film thickness of 8 ML. The MOKE measurements are don
around2780 mV where no external current flows to or from the substra
3916 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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the lack of film percolation. This behavior is compatible wi
the partial bilayer growth mode in evaporated Co/Cu~001!.17

The coercive fields of our Co films are approximate
ten times larger than those observed in MBE grown films
comparable thickness. They vary approximately linea
from 0.9 mT at 2.6 ML to 25 mT at 51 ML film thickness
Possible reasons for this large coercivity may be the dep
tion near the thermodynamical equilibrium resulting in a d
ferent growth behavior than that known from MBE films an
our substrate surface quality, which is still rough~up to 10
nm height variation on 1mm length scale! compared to UHV
prepared Cu~001! crystals.

The linear correlation of saturation magnetization a
film thickness extrapolates to zero for 0 ML thickness bo
for Fe and Co~Figs. 2 and 3!, clearly showing that there ar
no ‘‘magnetically dead’’ layers in our electrodeposited film

III. NONAQUEOUS ELECTROLYTE SOLUTIONS

The electrochemical cell and experimental proced
have been similar to that described above.

Propylene carbonate~PC! has been dried over activate
mole sieves~residual water: 10–20 ppm! and destilled under
Ar pressure of 1 mbar. As supporting electrolytes, 0.5
LiClO4 ~dried at 300 °C, 1 mbar! or 0.2 M Tetrabutylammo-
niumhexafluorophosphate~TBAPF6, dried at 170 °C, 1
mbar! have been added to achieve a sufficient conductiv
of the electrolyte. For the Fe deposition in addition to t
supporting electrolyte, either FeCl2 or FeCl3 ~saturation con-
centration! were dissolved in PC.

Deposition has been done on polycrystalline Pt. A
wire dipping in a solution of 0.05 M I2 and 0.1 M KI in PC
served as nonaqueous reference electrode.18 The experimen-
tal handling has been done in an Ar purged glovebag. T
residual water content during the deposition was betw
100 and 200 ppm.
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FIG. 3. Dependence of the total saturation magnetization of Co films on
number of ML ~upper x scaling!. The lower x scaling is the equivalent
deposited charge. The magnetic field was applied in the easy@110# direction.
The left-hand side inset shows the hysteresis loop for 6.5 ML. The rig
hand side inset shows the range from 0 to 4.5 ML thickness. The error
indicate60.2 ML. The linear fit through the data above 2 ML thickne
extrapolates to zero for 0 ML film thickness, demonstrating the absenc
magnetically dead layers.
Schindler, Schneider, and Kirschner
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In order to deposit Fe from nonaqueous aprotic soluti
with a ML charge resolution in the current–voltage char
teristics, the background currents must be low as in the c
of aqueous solutions~see Fig. 1!. A comparison of LiClO4
and TBAPF6 ~without the Fe salt present! shows, that the

FIG. 4. ~a! Background currents using a 0.5 M LiClO4/PC solution~solid
curve! or a 0.2 M TBAPF6/PC solution~dotted curve!, without the addition
of Fe salts. The potential is cycled between22.2 and11.8 V at 100 mV/s
in the direction indicated by the arrows. The peaks in the current–vol
characteristics due to reactions of impurities are much smaller w
TBAPF6. ~b! Fe deposition on a Pt electrode from a 0.2 M TBAPF6/PC
solution saturated with FeCl2 ~10 mV/s!. The potential sweep range of~a!
has been limited to a potential range relevant for the Fe deposition.
results in a decrease of the background current to less than 20mA. No other
features can be observed at potentials higher than the electrolyte deco
sition.
J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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background current is much lower with the organic suppo
ing electrolyte@Fig. 4~a!#. A major reason for this is the
participation of the Li1 ion in different side reactions of the
solvent, residual water, and oxygen.19 The background cur-
rent as seen in Fig. 4~a! can be further reduced by a limita
tion of the potential sweep range to below'0 V avoiding
unwanted electrolyte reactions@Fig. 4~b!#.

Fe has been deposited from PC with LiClO4 as well as
with TBAPF6 @Fig. 4~b!# as supporting electrolyte. Both iro
salts, FeCl2 and FeCl3, allow the deposition. The onset of th
deposition has been found at potentials around22.5 V, de-
pending on the electrolyte composition. Thick deposits ha
been identified as metallic Fe by electron beam indu
x-ray emission.
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