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We report the modification of the magnetization depth profile of an 18.5-nm-thick Co50Pd50 film immersed
in an electrolyte using an electric field. We find an increase in the surface magnetization that varies linearly
with magnitude of the applied potential. The change in magnetization occurs within 7.2 nm of the CoPd
surface.
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I. INTRODUCTION

In the last several years spin electronics has developed
into a vibrant field of science and technology due to the
strong interplay of electric current and magnetism at nano-
meter length scales.1 Examples include giant and tunnel
magnetoresistance sensors used in magnetic read-heads. The
use of an electric field �E� to actuate a magnetic response is
not widespread and has until recently been limited to mate-
rials with low Curie temperatures �TC� �Refs. 2 and 3� or to
low temperatures at which the effect is observable4,5 or to the
weak interaction between electric field and magnetism.6 TC
of 3d transition metals and their alloys can be well above
room temperature;7 however, these materials are conductors
so the influence of E fields on magnetism is severely
constrained.8–10 Despite these difficulties, control of magne-
tism with E fields is attractive, because E fields can be local-
ized to nanometer length scales and often require less energy
to produce than magnetic fields.

An experimental approach to directly influence surface
magnetism with E fields is to use an electrochemical cell.11,12

When a negative potential is applied to a metal �ferromagnet,
in our case� electrode in an electrochemical cell, the metal
surface is charged with excess electrons. The charge is coun-
terbalanced by cations from the electrolyte solution, which
collect predominantly at the electrode surface and form an
insulating ionic layer �double layer�. This phenomenon pro-
duces a large electric field at the interface. The electric field
is uniform for flat and smooth surfaces, such as those re-
quired for neutron-scattering experiments.13

The electric field may affect the surface magnetization in
two ways. First, the E field may shift the Fermi level �F, and
change the densities of the state �DOSs� of spin-up and spin-
down electrons at �F. Since the difference between the DOS
for spin-up and spin-down electrons integrated over the band
to �F �namely, green �right� and red �left� areas in Fig. 1� is
the net magnetization,13–18 a change in �F may increase or
decrease the magnetization.18 The change in the magnetiza-
tion �M when �F is perturbed is: �M ��D↑��F�
−D↓��F��

��F

�E �E, where D↑↓��F� are spin-up or spin-down
DOS of electrons at �F and �E is the change in applied
electric field. A second effect of an E field may be to change
the orbital occupancy, e.g., from d3z2−r2 to dx2−y2, thus, modi-
fying the magnetic anisotropy of the film.19

Recently, the influence of an E field on the magnetic an-
isotropy of ordered FePt and FePd thin films was reported.13

This influence was measured by polar Kerr spectroscopy at
room temperature. The largest changes in coercivity, −4.5%
for the 2-nm-thick FePt film and +1% for the 2-nm-thick
FePd film, were observed for the largest applied potential
from which an E-field-induced change in magnetic aniso-
tropy was inferred. In addition, a 3% change in Kerr angle
was detected for the 2-nm-thick FePt film, which is consis-
tent with a change in magnetization. The fractional change in
coercivity for the 2-nm-thick films was reported to be larger
than for the 4-nm-thick films. This observation is consistent
with the notion that the E field preferentially modifies the
surface magnetization. However, Kerr spectroscopy is not
able to provide the magnetization depth profile nor can it
provide a quantitative measure of magnetization. Here, we
report results of a polarized neutron reflectometry �PNR�

FIG. 1. �Color online� Illustration of the density of states
D↑↓��F� of a ferromagnet near the Fermi level �F �Ref. 18�. Differ-
ence of D↑↓��F� integrated from the bottom of the band to �F is the
net �spin� magnetization. The integrated DOS for spin-up and spin-
down electrons are shown by green �right� and red �left� areas,
accordingly. Shift of �F to �F� changes the green and red integrals
differently, thus changing the magnetization.
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study in which we quantitatively measured an enhancement
of magnetization �i.e., �M as opposed to anisotropy� due to E
fields and the depth of the perturbed magnetization from the
sample surface.

II. SAMPLE CHARACTERIZATION

An 18.5-nm-thick Co50Pd50 film was deposited by magne-
tron sputtering on a single-crystal quartz substrate first cov-
ered with a 4.7-nm-thick polycrystalline buffer layer of Ta.
Magnetometry confirmed that the anisotropy of the film was
in the sample plane. The magnetization was easily saturated
by the 3 kOe magnetic field applied in the sample plane
during the neutron experiments. Chemical analysis of the
electrolyte �propylene carbonate, PC� performed after the
neutron experiment detected Pd and Co corresponding to a
loss of 3% Pd and 0.5% Co from the sample. We attribute
small losses of Pd and Co from the film to corrosion of the
sample �despite the good corrosion resistance of CoPd
alloys20� once it was immersed in the electrolyte. Some cor-
rosion was believed to have occurred before application of
the negative potential during the neutron experiment. A nega-
tive potential inhibits chemical attack of the CoPd film.21

III. EXPERIMENTAL TECHNIQUE

PNR involves the specular reflection of a polarized neu-
tron beam from a magnetized surface or film.22–24 The inten-
sity of the specularly reflected radiation is measured as a
function of wave-vector transfer Q �equal to the magnitude
of the difference between incoming and outgoing wave vec-
tors� and beam polarization with respect to the applied mag-
netic field. PNR provides both nuclear �chemical� Nb and
magnetic Np, scattering length density �SLD� depth profiles
of the sample averaged over the coherent region of the neu-
tron beam on the sample surface—typically square micron.25

N refers to the number density of atoms and b and p are their
nuclear and magnetic scattering lengths, respectively. The
spin dependence of the scattering stems from the two
neutron-scattering lengths, b�= �b� p�, where the sign of the
term corresponds to the measured reflectivities R� when the
polarization vector of incident neutron beam is parallel �+� or
antiparallel �−� to the external magnetic field. The magnetic
SLD Np of the sample is directly proportional to magnetiza-
tion through the coefficient 2.853�10−9 Å−2 cm3 /emu.

IV. RESULTS FROM THE NEUTRON-SCATTERING
EXPERIMENT

The first neutron reflectivity measurement was of the vir-
gin sample in the absence of the electrolyte. The remaining
measurements were taken with the electrolyte as a function
of dc potential. The dc potential was applied by a poten-
tiostat between the working electrode �the CoPd film in con-
tact with the electrolyte solution� and a counter electrode �a
large stainless steel plate covered with a 500-nm-thick Pt
layer� �Fig. 2�. The reference electrode was immersed in the
electrolyte between the working and counter electrodes.26

PNR data were taken at room temperature for three values of
applied potential U in the sequence: −0.32, −0.15, and

−0.02 V measured relative to the reference electrode. The
data have been corrected for the imperfect polarization of the
neutron beam and wavelength variation in the neutron spec-
trum.

Once immersed in an electrolyte solution, an ionic insu-
lating layer is expected to grow on the sample’s surface.13

The insulating layer �which is needed in order for an E field
to be applied to the sample� affects the reflectivity of the
sample compared to its virgin state. We collected a series of
reflectivity measurements shortly after the sample was im-
mersed in the electrolyte with an applied potential of
−0.32 V. During the subsequent 30 h, the sample reflectivity
changed �Fig. 3�. Analysis of the PNR data �discussed later�
indicated that the change in the sample’s reflectivity was
consistent with growth of an organic layer �see also Ref. 13�.
After 30 h �Fig. 3 green circles�, the reflectivity no longer
changed with time. Thus, the chemical structures of the
sample and the organic insulating layer no longer changed
with time. Once the reflectivity no longer changed, we col-
lected the reflectivity curve for U=−0.32 V. During mea-
surements at other applied potentials, we verified that the
reflectivity did not change with time. Some of these control
measurements are shown in Fig. 3. The similarity of the con-
trol measurements taken after 30 h �Fig. 3� supports our con-
clusion that the sample’s chemical structure �and attendant
organic layer� did not change during the measurements of the
data at different applied potentials.

The neutron reflectivities R+ and R− for the virgin sample
in the absence of the electrolyte are shown in the Fig. 4�a�.
The normalized spin difference �NSD� curve shown in Fig.
4�b� is given by �R+−R−�

RF
, where RF= 16�2

Q4 is the Fresnel coef-
ficient. The NSD data corresponding to different values of

FIG. 2. �Color online� Schematic of the electrochemical cell. A
3 kOe field was parallel to the sample surface; E field was obtained
by applied potential U measured against reference electrode.

FIG. 3. �Color online� Control measurements to monitor the
time dependence of the change in the sample’s reflectivity. Mea-
surements shown in Fig. 4 were taken after the sample’s reflectivity
no longer changed with time.
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applied potential are shown in Fig. 5. The amplitude and
period of the oscillatory variation in the NSD �there may be
a superposition of oscillatory variations with different peri-
ods� are related to changes in the SLD across interfaces and
the separation of the interfaces.27

V. DISCUSSION

In order to quantify the influence of the E field on the
CoPd magnetization, we used the dynamical formalism of
Parratt28 to calculate R� for a simple model for the nuclear
and magnetic SLD profile of the sample. The chemical pro-
file of the film, including the surface and interface roughness
and film thickness, was obtained from a fit to the data taken
from the sample in the virgin state. We used the literature
SLD values for the substrate, Ta layer and Co50Pd50 alloy,
and refined the layer thicknesses, interface roughness �or in-
terdiffusion� and magnetization of the CoPd film. The fitting
process involved optimizing the model parameters to obtain
the minimum of �2—a measure of goodness of fit.29 Errors
reported for these parameters represent the perturbation of a
parameter that increased �2 by the number four which corre-
sponds to a 2	 error �95% confidence�.29 The chemical and
magnetic depth profiles yielding the best fit are shown in Fig.
4�c�. The thicknesses of the Ta and CoPd layers were 4.7�1�

nm and 18.5�1� nm, respectively. Notably, a thin 1.5�1� nm
Co-�mono�oxide layer was detected on top of the CoPd alloy
film which can be explained by natural oxidation of Co.30

The magnetic SLD Np was determined to be �2.51�0.01�
�10−6 Å−2 which corresponds to the unperturbed CoPd film
bulk magnetization Mv�z�=880�4 emu /cm3 and is in good
agreement with magnetometry measurements.

The fitting procedure for the film in contact with electro-
lyte consisted of fitting a model to the R+ and R− �solid black
and dashed red curves, Fig. 4�a�� and optimizing the �2 met-
ric to the NSD curves �Figs. 5�b�–5�d��. For the reflectivity
data taken for U=−0.02 V nuclear and magnetic SLDs of
the CoPd layer were equal to those of the virgin sample and
the four adjustable parameters were optimized: the thickness
of the CoPd layer, the thickness of the layer “3,” its nuclear
SLD and its roughness. We found the only difference be-
tween the chemical structures of the CoPd film for the virgin
sample and the CoPd film after immersion in the electrolyte
was a 0.2�1� nm reduction in the CoPd film thickness. The
reduction in CoPd film thickness is consistent with the
amount of Co and Pd detected in the electrolyte from our
chemical analysis. The model and the NSD fitting curve are
shown in Figs. 4�b� and 6�b�, respectively. This result for the
case of −0.02 V corresponds to a reduced �


2=2.7 �i.e., �2

divided by the number of data points less the number of
optimized parameters�. The nuclear SLD of layer 3 is con-

FIG. 4. �Color online� �a� Reflectivity data taken without elec-
trolyte. Solid black and dashed red curves represent the fit to the
data. �b� NSD data, the fitted curve �solid curve�, and the NSD
residuals �̂NSD; �c� variation in the model parameters for the nuclear
�black line is the “NSLD”� and magnetic �dashed blue line is M�
SLDs used to produce the curves in figures �a� and �b�.

FIG. 5. �Color online� �a� NSD data for different applied poten-
tials and fits to the data. The 95% confidence bands are shown.
These bands do not overlap at high Q. ��b�–�d�� NSD data and the
fitted curves �solid red lines� for U=−0.02 V, U=−0.15 V, and
U=−0.32 V, respectively.
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sistent with the presence of organic material on the sample’s
surface.13

In order to fit the reflectivities taken when a potential was
applied to the sample, the magnetization of the CoPd film
was divided into two layers �CoPd layer “1” �film bulk� and
“2” �surface�, Fig. 6�a�� whose overall length and nuclear
SLD were constrained to be that found for −0.02 V mea-
surement. Previously, Weisheit et al.13 concluded the thick-
ness of the organic layer �layer 3� was unchanged with elec-
tric field; therefore, we fixed the thickness and the SLD of
the organic layer to be the same as that inferred from the
−0.02 V measurement. The two adjustable parameters we
optimized were the thickness of the layer 2 and its magnetic
SLD. The best fit to the data was obtained for a magnetic
surface �layer 2� thickness of 7.2�1� nm �Ref. 31� for applied
potentials of −0.15 and −0.32 V. The magnetization of layer
2 was 904�5 emu /cm3 ��


2=3.1� and 920�5 emu /cm3

��

2=2.5� for applied potentials of −0.15 V and −0.32 V,

respectively �see Fig. 6�b��. The estimation of the confidence
bands for each curve showed that the confidence bands do
not overlap at the high Q region �Fig. 5�a��. For comparison,
had the model for a uniform M0�z� been used to fit the data
taken for these potentials, the values of �


2 �or �2� would
increase between 48% and 88%. We also investigated a
model that allowed only the chemical profile of the magnetic
layer to vary while its magnetization was constrained to be
uniform. This model led to increases in �


2 �or �2� by 42%.
Therefore, the data taken for potentials of −0.15 and
−0.32 V cannot be explained by either a model with uniform
chemical and magnetization profiles �for the magnetic layer�

or by a model with a nonuniform chemical profile �for the
magnetic layer� and uniform magnetization profile. The sub-
stantial improvement of �2 achieved using a nonuniform
magnetization depth profile is compelling evidence for the
influence of E field on the near-surface magnetization of the
CoPd film. In particular, the magnetization of the surface
region increases linearly with increasing magnitude of the
negative applied potential �see Fig. 7�. The largest applied
potential U=−0.32 V corresponds to the electric field of
about 108 V /m since the typical thickness of the insulating
layer can be several nanometer. The approximately one part
in 25 change in the surface magnetization with field is much
larger than instrumental error that produce differences be-
tween R+ and R−, which range between one part in 200 to
one part in 1000 for the neutron spectrometer.32

It is important to note that our measurements were taken
starting with the most negative potentials and ending with
the least negative potential �see elapsed time arrow in Fig.
7�. Had the magnetization been affected by a chemical attack
on the sample during the measurements, one would expect
the measurement taken last �−0.02 V� to show the most evi-
dence for a change in the neutron-scattering length density
profile compared to the virgin film. However, the chemical
and magnetic scattering length density profile inferred from
the last measurement �U=−0.02 V� for the CoPd film was
the most uniform and the most similar to the virgin film.
Thus, the simplest explanation for our observations is one
that correlates a change in the magnetization depth profile
with changes in the applied E field.

The thickness of the E-field-affected-magnetic layer, 7
nm, is comparable to the magnetic exchange �“healing”�
length �0 �the characteristic length �0 over which a pertur-
bation to one magnetic spin produces a perturbation in neigh-
boring spins�. For a wide range of ferromagnets �0 varies
between 5 to 10 nm.33 Future experiments could explore the
relation between the thicknesses of the magnetically per-
turbed layer and the magnetic healing length using materials
with different ratios of exchange stiffness to magnetization.

FIG. 6. �Color online� �a� Schematic of the model to fit the data.
�b� Variation in the model parameters �dashed green, dotted red, and
dashed dotted blue lines� corresponding to �a� for the magnetization
of CoPd film as a function of U �associated with “M” scale� and
nuclear SLD �the solid black line associated with NSLD scale�. The
nuclear SLD is the same for all three measurements.

FIG. 7. �Color online� Magnetization of top 7.2 nm of CoPd film
�layer 2 in Fig. 6�a��. Elapsed time of the experiment and evolution
of the magnetization are indicated. The magnetization inferred from
the last measurement—one with an applied potential of
−0.02 V—is statistically the same as the first measurement—one
without an applied potential.
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VI. CONCLUSIONS

In summary, we performed depth-resolved measurements
of electric-field-induced changes in the saturation magnetiza-
tion in a thin ferromagnetic film by polarized neutron reflec-
tometry. Our measurements differ from earlier measure-
ments, which have studied the influence of electric field on
magnetic anisotropy. The change in the magnetization depth
profile was achieved by applying a large electric field
��108 V /m� to the sample’s surface using an electrochemi-
cal potential. We showed that spin dependence of the neutron
data could not be explained solely by a change in the chemi-
cal profile of the magnetic layer. However, the data could be
explained solely by a change in the magnetization depth pro-
file. The change to the magnetization was a linear function of
modulus of the applied potential. The change took place in a
region of the CoPd film closest to the surface that was at
most 7.2 nm thick and was comparable to the magnetic heal-
ing length of the CoPd alloy. The magnetization of the re-
maining film was not affected.

Our result may be a manifestation of the spin-capacitor
effect—the change in magnetization due to the accumulation

of spin-polarized charges close to the surface.17 In a ferro-
magnetic material, the electron DOS near the Fermi surface
are spin polarized; thus, the net accumulation of charge due
to the applied E field is also spin polarized.17,34 A perturba-
tion to Fermi level may change the net magnetization accord-
ingly. The results obtained in the present study provide quan-
titative information to test theoretical models of the
magnetoelectric effect.
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