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Influence of Additive Adsorption on Properties of Pulse
Deposited CoFeNi Alloys
Stanko R. Brankovic,* ,z Natasa Vasiljevic,*
Timothy J. Klemmer, and Earl C. Johns*

Seagate Research Center, Pittsburgh, Pennsylvania 15222, USA

In this paper, we investigated the conditions at the electrochemical interface for additive adsorption during the pulse current
deposition of a CoFeNi alloy. Depending on the magnitude of the pulse currents used, different potentials and the corresponding
additive coverage of CoFeNi surface are established affecting the CoFeNi alloy composition, concentration of incorporated C, S,
and O inclusions, crystal structure, magnetic properties, and the surface quality of the deposit. The maximum content of S, O, and
C in the CoFeNi deposit is found for the pulse current where the electrode potential is in the range where the maximum additive
coverage is observed, indicating a close correlation between additive adsorption and additive incorporation phenomena. The
anomalous codeposition effect was moderate in the potential range where maximum surface coverage of additives occurs, causing
the composition of the CoFeNi films and their crystal structure to have a relatively mild change for a broad range of pulse current
densities. The surface quality and the coercivity of the CoFeNi alloy have a strong correlation to the additive coverage during the
pulse stage, and practical aspects of these findings are discussed.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1864352# All rights reserved.
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Organic additives have been commonly used in the electrod
sition of magnetic alloys for many years.1 Besides the common
seen action of leveling and brightening of the deposit, the bene
using additives in the plating bath for ferromagnetic alloys is usu
attributed to improvement in the crystal structure of the depos2,3

smaller grain size, and reduction of the residual stress in
deposit.4 These improvements usually reflect positively on the o
all magnetic properties of these alloys as compared to the one
duced without any additives in the bath. Additional benefits of
ditives in the plating solution are also seen through the suppre
of hydrogen evolution and impediment of FesOHd3

4 precipitation a
the electrochemical interface, and in some instances, a relativ
provement of corrosion resistance of the deposit.5 More recently, i
was demonstrated that an appropriate choice of the additive
bath chemistry could substantially improve the magnetic prope
of CoFeNi films.2,3,6-9 Magnetically very soft CoFeNi alloys wi
coercivity less than 2 Oe and high magnetic moments.1.8 Td were
produced, leading to a substantial breakthrough in magnetic
core materials used for high density magnetic recording.2,7,9

Depending on the particular additive used and the conditio
the electrochemical interface during the electrodeposition pro
different atomic inclusions~interstitials in the solid solution! like S,
C, O, N, and B or their intermetallic compounds are found in
magnetic films. Their amount can be as high as several atomi
cents ~atom %! or barely detectible with conventional analyti
techniques. A very high amounts.1 atom %d of incorporated, non
magnetic inclusions usually results in significant dilution of the s
ration magnetic flux density,Bs, from the one theoretically achie
able for a given alloy composition. In addition, their signific
presence may cause a detrimental deterioration of the magnetic
corrosion resistance.5,6 However, small amounts of S, N, O, and
inclusions or their intermetallic compounds were found bene
for the desired magnetic properties of the ferromagnetic alloy
particular, magnetic softness~low coercivity!. They can act eithe
through the stabilization of the small grains by precipitation on
grain boundary as low surface energy constituents of the alloy10 or
as an effective stress reducer by inducing the mixed phase c
structure2 formation @face-centered cubic~FCC! 1 body-centere
cubic ~BCC!#. The additives in the plating bath are the main so
of the inclusions in the deposit, thus it is very important to un
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stand the correlation between the parameters defining the ad
adsorption on the metal surface and the rate of their incorpor
into the deposit.

In this paper, we present results obtained for pulse current
sition ~PCD! of CoFeNi alloys, investigating the potential of ma
mum additive adsorption on the CoFeNi surface, the electrod
tential during pulse deposition, and their mutual correlation an
effect on the deposit’s properties, structure, and concentrati
additive-related inclusions. The potential of maximum additive
sorption is determined by examining the double-layer capaci
curves obtained from the impedance measurements. The amo
S, O, and C incorporated in the CoFeNi deposit for different p
currents is correlated to the potential of the electrode surface d
the pulse stage, and the approximate potential of the maximu
ditive incorporation is determined. Depending on the magnitud
the pulse current, different conditions for additive adsorption
on the electrode surface, influencing the surface quality, cr
structure, and coercivity of the CoFeNi films.

Experimental

The bath chemistry, additive content, and conditions during
electrodeposition experiments have been well desc
previously,6,7,11and they are summarized in Table I. The backgro
solution was a modified Watt’s electrolyte containing H3BO3 and
NH4Cl as buffers, and the pH of the solution was adjusted
diluted HCl. Metal ions in the solution were obtained by dissolu
of proper amounts of CoCl2·6H2O, FeCl2·4H2O, and NiCl2·6H2O.
The additives used in the deposition experiments were sodium
sulfate ~SLS! and saccharin. The CoFeNi films were deposited
Cu thin films with preferential$111% texture. The approximate thic
ness of the CoFeNi films was,1 ± 0.05mm,a and they were de
posited using the standard paddle cell configuration12 with a 600 Oe
magnetic field. The PCD experiments were performed under
stant current control using an in-house built power supply. The
current range was between 5 and 40 mA cm−2, and all potentials i
the text are quotedvs. standard Ag+/AgCl/Cl− electrode. The ele
trochemical measurements and electrochemical impedance sp
copy ~EIS! measurements were performed on the electrodepo
CoFeNi filmsb as the working electrode and in a background s
tion of 0.4 M H3BO3 + 0.3 M NH4Cl. The pH of the solution wa

aThe thickness of the samples was verified by 61 step measurements and by int
of the charge during deposition and dissolution of the CoFeNi films.
bCoFeNi films were deposited using a pulse current of 20 mA cm−2 with 10% duty
cycle.
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adjusted to 2.8. The range of investigated frequencies was
30 kHz to 1 Hz, with potential steps of 0.03 and 0.05 V usin
computer-controlled EG&G potentiostat/galvanostat model 2
with EG&G lock-in amplifier model 5210.

The X-ray diffraction~XRD! measurements were performed o
Philips X’Pert PRO MPD system with automated stage and X
beam capabilities. Magnetic properties of the electrodepo
CoNiFe films were characterized using a BH Looper, model
from SHb Instruments. The composition of the CoFeNi alloy
measured by energy dispersive X-ray spectroscopy~EDX! using a
Hitachi S-4500 scanning electron microscope with EDX dete
from Oxford Instruments. Secondary-ion mass spectroscopy~SIMS!
analysis of S, C, and O content in the CoFeNi films was don
Evans Analytical East on their in-house system.13

Results and Discussion

Potential transients measurements.—The pulse function use
for the CoFeNi alloy deposition had a simple on/off profile~Fig. 1!.
The potential transients during the pulse stage as a function o
different current densities used are presented in Fig. 2. The pot
of the electrode surface during the pulse stage shows an o
increase in the negative direction from20.81 to −1.47 V as th
pulse current density goes from25 to −30 mA cm−2. The increas
of the potential of the electrode surface is not a monotone fun
of current density, but rather a dependence with three separa
gions:25 to −15 mA cm−2 a steep increase,215 to −25 mA cm−2

a very mild increase, and then from225 to −30 mA cm−2 a steep
increase again. For current densities larger than −30 mA cm−2 a
significant H2 evolution was visible through the formation and
lease of H2 bubbles from the electrode surface. In this region
potential behavior is characterized by a gradual decrease to
more positive values from21.47 to −1.41 V~Fig. 2!.

Electrochemical impedance and double-layer meas
ments.—The electrochemical impedance spectra are colle
within the same potential range that was observed during the p
tial transients measurements~Fig. 2!. The spectra are recorded
three different concentrations of additives: 1 g/L~0.1 g/L SLS
+ 0.9 g/L saccharin!, 0.5 g/L ~0.1 g/L SLS + 0.4 g/L saccharin!,
and 0.4 g/L~0.1 g/L SLS + 0.3 g/L saccharin! with potential step
of 0.05, 0.03, and 0.05 V, respectively. The results for capacit
measurements in solutions containing single additive SLS or sa
rin were not shown here, although the results for a saccharin
containing bath looked qualitatively similar to the ones that
shown in Fig. 5. The results for the SLS-only containing bath
not show pronounced adsorption of this additive, but rather a m
fied double-layer behavior and weak additive physisorption. T
the choice of investigating the combination of both additives wa
practical reasons of application and also for the interest of stud
the conditions at the electrochemical interface as they are durin
electrodeposition of CoFeNi alloy. The representative imped
spectra presented as Nyquist14 plots, for a solution with 0.5 g/L o

Table I. Composition of plating bath and plating conditions.

Compound/process details Concentration/condit

NH4Cl ~M! 0.3
H3BO3 ~M! 0.4
CoCl2 · 6H2O ~M! 0.017
NiCl2 · 6H2O ~M! 0.1-0.19
FeCl2 · 4H2O ~M! 0.13
Sodium lauryl sulfate~g/L! 0.1
Saccharin~g/L! 0.4
Bath temperature~°C! 23
pH 2.8
Pulse current density,j smA cm−2d 5-40
Pulse time,ton ~mS! 0.1-10
Agitation Paddle cells1 cycle/sd
l
ll

-

d

-

-

additives, are shown in Fig. 3. The impedance spectra for solu
containing 1 and 0.4 g/L of additives are not shown, but they
a very similar appearance to the ones presented here. Most
spectra show clearly defined semicircles. In some cases, like f
spectra recorded at −0.990 and −1.11 V, the onset of a second
circle is present, indicating two distinctive processes occurring a
electrochemical interface. The spectra recorded in the pot
range between −0.8 and −0.9 V show a strong presence of th
fusion influencing the shape of the EIS. All impedance spectr
fitted with the standard analog model describing the electroche
interfaces with the presence of specific adsorption15 shown in Fig. 4
The details of the analog model are described in the figure cap
Before the final fit was accepted, the bad data points from
frequency scan were extracted upon the examination of the p
residuals and Kramers-Kronig16 extrapolation. The model provid
very good fits for all solutions and every potential examined
averagex2 values between 10−3 and 10−5. The results for double
layer capacitance obtained from the fit of the model to the ex
mental data are presented in Fig. 5. The double-layer capac
curve sCdld shows a pronounced wide minimum~well! for all three

Figure 1. Pulse function used for deposition of the CoFeNi films.
ton/toff = 10%.

Figure 2. Potential of the CoFeNi surface during the pulse stage as a
tion of the magnitude of the pulse current density.



layer
s
for
2.8

ed
on

itives
he
ing
harg

g/L
the

n
ge
pen-
n
y

range
ainly

s
n on
or
used
ppli-

is
the

range
ts
ddi-
nt of
ini-

ward
s used
the

o ac-
e
d to

ential
onse-

ppar-
e can
pur-

5 g/L
e dia-
s, the
para-
ative

sion
ause

ncre-
ration
d the
most

ning

en-

at in-
p-
e
lly ad

Ni

. 4
e of
data
/L of

C198 Journal of The Electrochemical Society, 152 ~4! C196-C202~2005!C198
additive concentrations. The literature data for the double-
minimum ~potential of zero charge, pzc! for Fe, Ni, and Co surface
in different electrolytes17 as well as our measurements for pzc
CoFeNi surface in 10 times diluted background solution at pH
~data not shown here, pzc = −1.15 V! indicate that pzc is observ
at more positive potentials from what we see as the minimum
double-layer capacitance curves in the presence of add
~−1.25 to − 1.32 V, Fig. 5!. This observation is consistent with t
predictions of the “flip-flop” model of the double layer describ
the water dipole adsorption as energetically dependent on the c
~positive or negative! on the electrode surface.18,19

From the data presented in Fig. 5, we can see that for 0.4
additive concentration the approximate potential range of
double-layer well is between −1.1 and −1.3 V~circles!, for 0.5 g/L,
between −1.1 and −1.39 V~triangles!, and for 1 g/L, betwee
−1.1 and −1.45 V~squares!. The broadening of the potential ran
for the double-layer minimum and the lack of an obvious de
dence of the absolute minimum ofCdl s,90 mF cm−2d on sacchari
concentration in the bulk solution~Fig. 5! are indications that ver

Figure 3. EIS spectra for the CoFeNi electrode in solution contai
0.5 g/L of additives ~0.4 g/L saccharin and 0.1 g/L of SLS! and
0.4 M H3BO3 + 0.3 M NH4Cl at pH 2.8. Some spectra at different pot
tials are omitted for clarity.

Figure 4. Analog circuit model used for fitting the impedance data.Rs:
ohmic resistance of the solution,Cdl: double-layer capacitance,Rf: faradaic
resistance~charge-transfer resistance of hydrogen deposition reaction
vestigated potentials!, Cp: pseudocapacitance~related to the specific adsor
tion of Cl−, SLS, saccharin, and other species on the electrode surfac!, Rp:
charge-transfer resistance corresponding to the discharge of specifica
sorbed species.
e

strong adsorption of saccharin takes place in this potential
and that a certain type of the stable condensed phase of m
saccharin forms on the surface of the CoFeNi alloy.20 These result
are in agreement with data reported for saccharin adsorptio
other metal surfaces,3,21 and they are important information f
formulation of the optimal saccharin content in the baths
for electrodeposition of magnetic films. For example, in some a
cations,11 a minimized content of additives in the plating bath
required. Formation of the condensed film of saccharin on
CoFeNi surface means that additive coverage and action in the
of potentials of maximum adsorption~Fig. 5! are independent of i
bulk concentration unless the transport-limited conditions for a
tive arrival on the surface are established. The optimum conte
saccharin in the bath could be very low, but still above some m
mum threshold, ensuring the additive unrestricted transport to
the electrode surface. For saccharin and some other additive
for dc electrodeposition of Ni, for example, the optimum in
brightener/leveler concentration has already been reported.22,23 For
pulse current deposition, an additional fact must be taken int
count. If the pulsing current~potential! frequency is higher than th
adsorption/desorption dynamics of this additive, this would lea
the lack of the additive condensed phase formation in the pot
range where optimum saccharin action is expected. As a c
quence, a lower additive efficiency would be observed.

With regard to the double-layer capacitance data and the a
ent additive coverage of CoFeNi surface presented in Fig. 5, w
now reexamine the results presented in Fig. 2. For illustration
poses, in Fig. 5, the apparent coverage of additives from the 0.
additive-containing solution is recalculated and presented as th
monds and dotted line on the right ordinate. For Fe-like surface
H2 evolution current density has a significant contribution as a
sitic reaction during the metal deposition at potentials more neg
than −0.622 V.24 Because the concentration of H+ ions in this bath
is significantly lower than the concentration of the metal ions~Table
I!, the hydrogen deposition is expected to be influenced by diffu
limitation much more than the metal deposition reactions. Bec
of that, an overall potential increase for a given pulse current i
ment can be approximated as a combination of the concent
polarization coming from the hydrogen deposition reaction an
polarization due to the metal deposition reactions which are
-

Figure 5. Double-layer capacitancevs.potential dependence for the CoFe
surface in solutions containing 0.4 g/L~circles!, 0.5 g/L ~triangles!, and
1 g/L ~squares! of additives. Data obtained by fitting the model from Fig
to experimental data~Fig. 3!. Right axis represents apparent coverag
additives on CoFeNi surface in solution with 0.5 g/L of additive. These
are represented with diamonds and dotted line in solution with 0.5 g
additive.
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likely to be under mixed or activation control. As known alrea
saccharin has an inhibiting effect on the rate of H2 deposition4 when
used as an additive. The mild increase in the potential of the Co
surface from −1.14 to − 1.22 V during the pulse current dens
between −15 and −25 mA cm−2 could be explained as a con
quence of the strong adsorption of saccharin in this potential re
~Fig. 5!. In the potential range of strong saccharin adsorption
reduced rate of hydrogen deposition results in a smaller contrib
of H2 concentration polarization to an overall electrode polariza
~potential! for a given pulse current increment. For other poten
~pulse currents! where no strong saccharin adsorption is present
contribution is significant and a steep increase of the electrod
tential is observed. This is evident from the data in Fig. 2, whe
smaller potential increase is observed for the pulse current den
between −15 and −25 mA cm−2 ~strong saccharin adsorption! than
for the rest of the data~25 to −15 mA cm−2, and 225 to
−30 mA cm−2!. This argument has been indirectly reconfirmed
measuring higher current efficiency in the same pulse current
s,85%d than for the other segments in Fig. 2s,70%d.d For the
ultimately high pulse current densities, the apparent decrease
electrode potential can be explained by the promoted mixing a
caused by abundant hydrogen evolution and bubbles formatio
consequently improved solution micromixing and ion transpor
ward the electrode surface. This leads again to a smaller conc
tion polarization contribution to an overall polarization of CoF
electrode and a decrease of the absolute value of the potent
this pulse current range, the approximate current efficiency
measured to be,70 ± 3%.

EDXS analysis of CoFeNi alloys.—The composition of th
CoFeNi alloys as a function of the pulse current density is pres
in Fig. 6. A gradual increase in Fe content~circles! appears from
approximately 9 ± 1 atom % to 15 ± 1 atom % and a decrea
Ni content~triangles! occurs from 12.5 ± 1 atom % to 7.3 ± 1 ato
% as the current density increases from25 to −40 mA cm−2. The
Co content~squares! does not change with respect to the pulse
rent density to an extent larger than the error bar of the mea
ments so it can be considered constant,,78 ± 1 atom %. The ove
all impression is that the data for the Ni and Fe contentvs. pulse
current density show the segments similar to the ones noted i
2. The first segment is for the current densities between −5
−15 mA cm−2. The increase~decrease! of Fe ~Ni! content in this
segment is steeper than for current densities between −15
−25 mA cm−2, where the composition stays almost constant.
current densities larger than −25 mA cm−2, the trend of increasin
~decreasing! Fe~Ni! content is similar to what is observed in the fi
segment of the Fe and Ni curves. In a previous paper, we des
the method for the design of the pulse function~Fig. 1, Table I!
which prevents the deposition under the transport limitation
depletion of the metal ions at the electrochemical interface.11 In
these experiments, the same method was used to calculate th
function, and the observed trend in compositional change o
CoFeNi depositvs.pulse current density is unlikely to be associa
with any diffusion limitation effects during the pulse stage.
observed trend of the overall increasing Fe content in the Co
alloy with the higher pulse currents is in agreement with the pre
tions of the anomalous codeposition model.4,25An increase in puls
current density results in a larger depletion of H+ ions in the vicinity
of the metal/solution interface. As a consequence, the formati
an insoluble FexsOHdy intermediate adsorbed at the electrode
face is possible,26 hindering the Ni and promoting the Fe deposit
rate. A similar observation was reported previously for pulse rev
deposition of CoFeNi alloys.27 However, the described effect

dIn our case, a typical current efficiency during pulse deposition of CoFeNi allo
,70 ± 3%. The efficiency for pulse deposition currents where the potential o
electrode surface falls in the range of maximum additive adsorption is increa
,85%.
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the weakest for the pulse current densities at which the elec
potential is in the range of the maximum additive adsorp
coverage at CoFeNi surface~j = −15 to −25 mA cm−2, Fig. 5!. The
adsorbed saccharin in this potential regime, as mentioned
ously, hinders the hydrogen evolution reaction4 causing the anom
lous codeposition effect to be moderate and the composition o
CoFeNi alloy to be almost constant for a broad range of pulse
rent densities.

Magnetic properties.—Comparing the overall composition d
with the expected magnitude of saturation magnetic flux de
sBsd for the equilibrium ternary CoFeNi system,28 it is expected tha
Bs for all examined CoFeNi films is in the range,1.8 T. The actua
measurements confirm this fact. These data are presented in
~circles!. It seems that regardless of the additive coverage regim
the electrode surface during the pulse deposition, the satu
magnetic flux density of CoFeNi alloys in this composition rang
not affected. This observation is discussed in more detail lat
relation to the SIMS analysis of the CoFeNi alloys.

However, the coercivity of CoFeNi alloys measured for the
magnetic axis shows a strong dependence on the magnitude
pulse current density. Interestingly, the major change~decrease! in
coercivityvs.pulse current density is observed in the range of p
currents where the surface of the CoFeNi electrode has a sign
coverage of additives~−10 to − 30 mA cm−2, Fig. 2, 5, and 7!.
Although it is apparent from Fig. 7 that increasing pulse curr
yield softer CoFeNi alloys, this functionality is most obvious o
for the pulse currents where the conditions for additive adsor
are promoted. Because the coercivity is a material property t
very important for high-frequency dynamic switching during
recording process of magnetic heads, the reduction of,0.9 Oe with
an increased pulse current density from −10 to − 30 mA cm−2 is a
substantial benefit.

XRD measurements.—The XRD analysis~Fig. 8! of the depos
ited CoFeNi films shows that the films deposited at lower p
currents are fcc, whereas for current densities above −30 mA−2,
the predominant structure is bcc. The transition region where th
phase appears~weak shoulder at 2u = 45.3! but the fcc phase is st
dominant starts with a pulse current of −20 mA cm−2 and extends t
a pulse current of −25 mA cm−2. The gradual increase of bcc ph
in the crystal structure is further observed with an increasing
current above −25 mA cm−2 until it becomes a dominant phases j

Figure 6. CoFeNi alloy composition as a function of the pulse current
sity. Co ~squares!, Fe ~circles!, Ni ~triangles!.
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= −40 mA cm−2d. It is important to note here that the onset of
bcc phase in the CoFeNi deposit is observed for pulse cur
where the apparent coverage of additives is very high~uapp is be-
tween 85 and 95%, Fig. 2 and 5!. For pulse currents with corr
sponding potential of the surface with very low additive cove
~j , u−10 mA cm−2u and j . u−35 mA cm−2u!, mostly one pre
dominant phase is observed, fcc for low and bcc for ultimately
pulse current densities.

The dominant bcc phase in the films deposited with pulse
rents higher than −35 mA cm−2 is consistent with an increase
Fe content in the deposit~Fig. 6!. This can be interpreted as
consequence of anomalous codeposition effect operating at c
tions of lower additive~saccharin! coverage and unrestricted hyd
gen codeposition~Fig. 6!. The crystal structure changing from f
to fcc + bcc does not seem to induce any measurable chan
the magnetic moment of the CoFeNi films~,1.8 T, Fig. 7!, which
is to be expected for the particular composition range of the

Figure 7. Magnetic properties of the CoFeNi films as a function of p
current density.~Left axis! saturation magnetic flux density~Bs circles!;
~right axis! coercivity for the easy magnetic axis~He,e squares!.

Figure 8. XRD 2u scans for CoFeNi films deposited with different pu
current densities. Data shown only for fcc$111% s2u = 44.25°d, and bcc
$110% s2u = 45.3°d peaks, the rest of the scan is neglected. The peak v
at 2u = 44.3° on some of the scans is due to Cu substrate. The spec
offset for clarity.
i-

n

vestigated alloys.28 Previously reported results for CoFeNi fil
deposited with the dc method indicate that the desirable regio
soft CoFeNi films is the one where either both crystal phases co
or the alloy composition is on the boundary of the two-ph
region.2,7,9,29Similarly, our data indicate that for the pulse depos
CoFeNi films, the magnetic softness is promoted with the ap
ance of the bcc phase~Fig. 6-8!. With more bcc phase takin
over the overall deposit structure, the coercivity of CoFeNi fi
saturates at the level of,0.5 ± 0.05 Oe~Fig. 8!. Both bcc + fcc
phases are observed in the deposit for a broad range of
currents~225 to −40 mA cm−2, Fig. 8!. In the range of ultimatel
high pulse currents,j . u−30 mA cm−2u, the measured coercivi
change is relatively mild,e which demonstrates that once the fcc
bcc crystallographic phases coexist together, a very small imp
ment in coercivity can be achieved by increasing the pulse cu
density.

SIMS measurements.—The SIMS analysis investigated C, S, a
O concentration~wt %! in the CoFeNi films deposited with differe
pulse current densities. The results are presented in Fig. 9a. I
9b these results are replotted combining Fig. 2 and Fig. 9a for c
of discussion and for identification of the potential of maxim
additive incorporation. The results show that the maximum co
of C and S in CoFeNi is found for films deposited at a cur
density of −20 mA cm−2 ~Fig. 9a!. For current densities betwe
25 to −20 mA cm−2 and immediately higher ones,220 to
−30 mA cm−2, the C and S content in the deposit is decrea
Eventually, for pulse current densities above −35 mA cm−2, a
gradual increase in S and C content is observed again~Fig. 9a!. The
oxygen content in the CoFeNi films has two apparent maxim
for current densities of −20 and −30 mA cm−2.

The SIMS data for S, O, and C can be analyzed with rega
the results presented in Fig. 5. Clearly, the highest content
and C in the deposit is observed for the pulse currents wher
corresponding potential of the CoFeNi surface is in the r
where the maximum adsorption and coverage of additives o
CoFeNi surface occurs~Fig. 9b and Fig. 5, also see footnote c.!. The
source of the elementary S and C in the deposit can be di
connected to the molecular structure of saccharin and SLS.6 The
main source of the S in the deposit is probably the adsorbed sa
rin on the CoFeNi surface. The incorporation into the depos
going either through the adsorption-electroreduction mechanis30,31

or as a physical incorporation of entire molecules during the n
ation and growth of the metal deposit.32,33The second mechanism
described by Eq. 1,32 whereNinc stands for the incorporation rate
inclusions,K is the inclusion rate constant,F is Faraday’s constan
uapp is the apparent additive coverage, andjpulse is the pulse curren

Ninc =
K

F
·

uapp

s1 − uappd
· jpulse f1g

The incorporation of O and C from saccharin and to some e
O, C, and S from SLS too can be explained through the incor
tion of entire additive molecules or their integral parts into the
posit. The existence of this mechanism of additive incorporati
evident from the C concentration profile following the S concen
tion profile ~Fig. 9a and b!. The physical incorporation of enti
molecules or certain atomic groups occurs with sulfur and ca
atoms as their integral part, explaining the similar dependence
the S and C curves observed in Fig. 9a and b. Both additive i
poration mechanisms, adsorption-electroreduction and physic
corporation, are dependent on surface coverage of additives21,30,33

~Eq. 1!. Because of that, it would not be surprising if the high
concentrations of S and C in the deposit were observed at pote
where the maximum coverage of additives is expected. This f
confirmed by our results where the potential of the maximum a

eIn this range of the potential, considering the error bar of the measurement, th
civity can be considered as constant.
e
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ent additive coverage,uapp, ~−1.2 to −1.29 V, Fig. 5! and the maxi
mum additive incorporation~−1.18 V, Fig. 9b! are very close an
can be considered approximately the same within the resolutio
experimental bar of the measurements.f

For pulse currents where the potential of the CoFeNi surfa
below −1.1 V and above −1.35 V, the additive coverage is sig
cantly reduced and can be considered constant~Fig. 5!. However
there are still traceable amounts of S and C in the deposit at
potentials. According to the models in the literature,32,33the additive
incorporation rate via the physical incorporation mechanism is
proportional to the deposition rate~current, Eq. 1!. At potentials
with ultimately low additive coverage of the electrode, the inco
ration rate of additives via this mechanism can be considered a
function of the pulse current only. Equation 1 can be simplifie
the form of Ninc = const ·jpulse. The increase in the incorporati

fConsidering that the maximum additive incorporation potential is determined fro
data in Fig. 9b, which are derived from Fig. 9a and Fig. 2, where the increment
pulse current density is 5 mA cm−2, we can likely determine the potential of maxim
additive incorporation with an accuracy of ±0.03 V.

Figure 9. SIMS analysis of S, C, and O inclusion content in the CoF
deposit as a function of~A! the pulse current density and~B! the electrod
potential during the pulse stage.
e

e

rate is dominated then only by an increase in the pulse curren
sity. An apparent increase of S and C content in the deposit obs
for the current densities above 35 mA cm−2 demonstrates this effe
and it is the experimental verification of the model32 ~Fig. 9a!.

The oxygen content in the CoFeNi deposit can be interp
through the existence of two separate sources. As we see in F
and b, the first maximum is observed at the same potential as
and C. At this potential and current range, the O concentratio
pendence closely follows the ones for C and S. The most app
reason for this is that O in this potential range~pulse currents! is
mainly coming from the molecules of additives that were burie
the deposit during the electrodeposition. However, as ment
for the discussion of Fig. 6, the pulse current densities a
−25 mA cm−2 and lower coverage of additives on the electrode
face~Fig. 5! are responsible for the increased rate of hydrogen d
sition and depletion near the electrode surface, which promot
mation of insoluble intermediates of the FexsOHdy type on the
CoFeNi surface. In this situation, insoluble precipitates beco
main source of O in the deposit. Instead of buried additive
ecules, now for higher pulse currents, the buried iron hydro
becomes a dominant source of O in the deposit. This mechanis
already been discussed for inclusion of O in Permalloy,34 CoFeNi,6

and more recently for CoFe magnetic films.35 The largest content
O in the deposit measured for the pulse current densitie
−30 mA cm−2 ~Fig. 9a! where the potential of the CoFeNi surfa
falls in the range of the lowest additive coverage~Fig. 5!, confirms
this argument.

There is no clear correlation between the content of S, C, a
in the CoFeNi deposit and its magnetic properties and crystal
ture. The saturation magnetic flux density is more likely depen
mainly on the alloy composition rather than on the inclusion con
as long as they are present in very small amountss,1 atom %d,
which is our case. Nevertheless, it is interesting that we observ
appearance of the bcc phase in the CoFeNi alloy deposited wi
pulse currents where the content of S and C inclusions is the la
In the same pulse current range, a significant decrease in coe
is observed. Further decrease of S and C content in the depo
no clear correlation with the bcc phase gradually taking ove
CoFeNi matrix. An increased O inclusion content can be conn
indirectly to the Fe increase in the deposit as a consequen
anomalous codeposition, resulting in the gradual domination o
bcc phase in the deposit.

Application.—Improved surface finish of the electrodeposit
long been the primary reason for use and formulation of diffe
additives in the electroplating baths. Through the years, the
additives and conditions for electrodeposition were based on
rience and on many trial and error experiments. As electrodepo
becomes a common tool of nanotechnology,36-38 it is important to
understand the right conditions at the electrochemical inte
which lead to formation of desired structures, surfaces, and su
ful electrodeposition at the nanoscale. As an example, in Fig.
typical shape of the test structure for an electrodeposited Co
writing pole with lateral dimension necessary for future Tb/in2 re-
cording density is presented. It consists of two extensive and
regions commonly called yokes, and a narrow strip of material
necting them~usually called the pole tip!. The narrowness of th
pole tip is directly connected with the writing track dimensions
overall magnetic recording density. The goal of the electrodepo
process is to produce these structures without any depression i
most critical part, the pole tip, whose width is required to
,50 nm for the new generation of magnetic recording heads
pulse deposition method has been already proven successful f
application.11 The structures in Fig. 10 were produced by the s
pulse deposition process and bath formulation discussed previ
However, the left image shows a smooth and desirable stru
across the pole axes, whereas the right one shows a rough d
surface with an indication of Laplace growth in the region where
field gradient is the largest during the through-mask deposition
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main difference between these structures is the potential of the
trode surface during the pulse stage. The structure presented
left image is produced by a pulse current where the potential o
surface was in the range of maximum additive adsorp
s−1.1 to 1.3 Vd. The pulse current where the potential of the e
trode surface was such that the additive surface coverage wa
nificantly reduced produced the structures shown on the right i
s−1.45 Vd. Clearly, from Fig. 10, sufficient leveling action duri
the pulse deposition occurs only if the conditions at the ele
chemical interface allow the appropriate interaction of addit
with the metal deposit. A good additive formulation with inapp
priate conditions on the metal/solution interface eventually y
poor pulse deposition results~Fig. 10, right image!.

Conclusion

The results presented here demonstrate that properties
pulse deposited CoFeNi magnetic films are very dependent o
pulse current regime and conditions at the electrochemical inte
Additives, mostly saccharin and then SLS, are the main sour
incorporated S and C in the deposit, possibly through the elec
duction ~S! and physical incorporation~S, C, and O! mechanisms
The potentials of maximum additive incorporation and maxim
additive adsorption were approximately the same for the give
perimental conditions. The source of oxygen content in the de
was attributed to both incorporated additives and iron oxide.
anomalous codeposition effect was moderate in the potential
where maximum surface coverage of additives~saccharin! is ex-
pected, influencing the composition of the CoFeNi films and
crystal structure changes to be relatively mild for a broad rang
pulse current densities. The relative potential of the CoFeNi su
during the pulse stage with respect to the potential of maxim
additive adsorption, for the same additive formulation and chem
of the plating bath, was of crucial importance for the succe
deposition of features at the nanoscale. We believe that these
ings will improve our current understanding of the role of addit
in pulse electrodeposition of magnetic alloys on the nanoscale
desired structural and magnetic properties.
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Figure 10. SEM images of the CoFeNi electrodeposited top pole struct
Magnification on the left image is 50,000 times and that on the right o
80,000 times. Approximate dimensions of the pole tip are width 55
length 600 nm, and height 550 nm.
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