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The behavior of strain, magnetization, and resistivity of a nanoporous Au0.55Fe0.45 alloy was studied in situ
during electrochemically induced charge variations on the surface of the alloy. The length of the sample varied
reversibly over several cycles of charging and decharging and a maximum fractional length change of 0.14
percent was observed for an induced surface charge of 15 micro-Coulombs /cm2. The change in magnetization
with induced surface charge was dependent on the applied magnetic field and a reversible variation in mag-
netization of 0.2 percent was observed at the highest applied magnetic field of 6 Tesla. The electrical conduc-
tivity could be reversibly changed by 2.5 percent due to the charge induced on the sample. In situ Mössbauer
spectra recorded during charging and decharging also showed a systematic variation in quadrupole splitting. An
attempt is made to explain the observed changes in physical properties quantitatively in terms of the additional
charge that is accumulated on the surface of the nanoporous system.
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I. INTRODUCTION

In recent years, the possibility of tuning material proper-
ties by electrochemical charging has attracted increasing
attention.1–7 The basic idea is that the charge density on the
surface of nanoporous materials can be influenced by the
presence of charges in the electrolyte during buildup of an
electrochemical double layer.8,9 In nanoporous structures of
platinum and gold, reversible changes of strain and electrical
conductivity were observed.1,3,6 In thin films of iron plati-
num, a reversible change of the coercivity was realized.7

Charge induced variations in the magnetization of nano-
porous Ni-Pd alloys were also observed.5 In this paper, a
study of the tunability of physical properties in a nanoporous
Au-Fe alloy is presented. The charge induced variations in
strain, magnetization, and electrical conductivity of this alloy
system are reported. In an attempt to understand the effects
of induced surface charge on the physical properties, the hy-
perfine interactions were also measured using Mössbauer
spectroscopy, which is a good probe for the study of local
variations in structure and properties.

II. EXPERIMENTAL DETAILS

Nanoparticles of Au-Fe alloys were prepared using the
inert gas condensation technique in a vacuum system
pumped initially to a base pressure of 10−8 mbar. The set-up
of the system used and all experimental details are des-
cribed in Ref. 8. A gold-iron alloy of nominal composition
Au0.5Fe0.5, previously prepared by arc melting, was evapo-
rated from a resistively heated crucible. The alloy nanopar-
ticles, produced close to the evaporation source, were trans-
ported by a convective gas flow and condensed on a liquid
nitrogen filled rotating cylinder. In order to minimize the
compositional variation due to the difference in vapor pres-
sure of the constituent elements, the nanoparticles were col-
lected in batches. Subsequently, pellets with diameters of 3

mm were compacted �0.03 GPa� for the in situ strain and
magnetic measurements. Pellets with rectangular shape �13
�2�0.2 mm3� were prepared for the measurements of the
electrical conductivity. The microstructure and composition
was determined by scanning electron microscopy �SEM� and
by energy dispersive x-ray analysis.

Electrochemical charging measurements were performed
in a three-electrode configuration with the sample as working
electrode �WE�, a high-surface area carbon fiber as the
counter electrode �CE� and Ag/AgCl as a reference electrode
�RE�. A solution of 1M lithium perchlorate in ethyl acetate
was used as the liquid electrolyte. Cyclic voltammograms
were recorded using a potentiostat �Autolab�. The potential
range was restricted to stay within the capacitive double
layer region with minimum specific adsorption at the sample.
Within the selected region, the potential was scanned repeat-
edly while simultaneously measuring the physical properties
of the sample. Potential scans were performed at rates of 1
mV/sec and 0.5 mV/sec. At each scan rate, several loops
were recorded. The initial potential was usually chosen to be
in the middle of the potential range. In situ dilation measure-
ments were carried out in a Linseis vertical push-rod
dilatometer using the cell described in Ref. 1. Magnetic mea-
surements were carried out using a physical property mea-
surement system �PPMS, Quantum Design�. Zero-field
cooled and field cooled measurements were recorded at an
applied field of 200 Oe to determine the temperature of irre-
versibility. Magnetic isotherms were recorded at tempera-
tures of 10, 60, 70, and 150 K. In situ magnetic measure-
ments were carried out in a cell suitable for the small space
available in the magnetometer.5 These measurements were
carried out at 275 K while flooding the chamber with helium.
The sample was connected as the working electrode and the
potential was varied cyclically with respect to the reference
electrode. A DC magnetic field was applied while measuring
the moment of the sample as a function of time during po-
tential scanning. Simultaneously, the voltammograms were
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recorded using the potentiostat. Measurements were carried
out at applied magnetic fields of 6, 4, 1, and 0.01 T.

In situ four-probe conductivity measurements were car-
ried out using a cell described earlier.3 The voltage probes
were placed symmetrically at equal distance from the center
of the working electrode to avoid any polarization current
along each half of the electrode. Cyclic voltammograms
were recorded prior to the measurement of the electrical con-
ductivity with the cell filled with electrolyte. The potential
was varied with a step width of 0.1 V in the chronoamper-
ometry mode while measuring the resulting current as a
function of time. After stabilizing for 300 s at each potential
setting, a probe current of 1 mA was applied through the
sample and the voltage drop across it was measured. To can-
cel the effect of any thermo-electromotive force, the voltage
drop was measured with the current applied in the reverse
direction also. At each potential the charge was calculated by
integrating the area under the current versus time curve after
correcting for any leakage current.

To observe the local effects of surface charging at the
atomic level, Mössbauer spectroscopic measurements were
performed in situ after electrochemically charging the ab-
sorber and holding the charge for the duration of the experi-
ment. This was possible by using the chronoamperometry
mode of the potentiosatat. The control potential was applied
to the sample and held at a constant value while the spectrum
was being recorded. The electrochemical cell was con-
structed from the thermoplastic material, polyaryletherether-
ketone �PEEK�. The electrolyte compartment of the cell was
made from a single block of PEEK. In the central region of
the cell an area of 12�12 mm2 was thinned down to a
thickness of 0.2 mm to serve as window for the gamma
radiation. A pellet of 13 mm diameter and 20 micron thick-
ness using the nanocrystalline powder was prepared by
uniaxial compaction at a pressure of 8 GPa. The mass of the
sample was chosen so as to obtain a natural iron concentra-
tion of 6 mg Fe /cm2 in the absorber. The Mössbauer spec-
tra were recorded with counts of approximately 106 counts
per channel. The spectra were fitted to a quadrupole doublet
with a Lorentzian profile for the lines.

III. RESULTS AND DISCUSSIONS

A. Sample characterization

The composition of the powder sample was determined to
be Au0.55Fe0.45 by energy dispersive x-ray analysis. The spe-

cific surface area was determined to be 50�3� m2 /g by the
Brunauer-Emmett-Teller �BET� gas adsorption method for
the loose powder sample as well as for a pressed pellet. The
scanning electron microscopic image in Fig. 1 shows the
nanoporous nature of the pellet, which is important for the
infiltration of the sample with the electrolyte.

The x-ray diffraction of the nanoporous Au-Fe alloy
sample is shown in Fig. 2. After background correction, the
diffraction maxima were fitted with Pearson VII function us-
ing PROFIT software. The reflections of fcc Au and bcc Fe
occur at similar angles and it was not possible to resolve
them in the present x-ray diffraction pattern due to the con-
siderable broadening of the line profiles. The x-ray data of
AuFe nanoparticles synthesized chemically by a reverse mi-
celle reaction by Cho et al. also showed a similar pattern10

and were interpreted to arise from a core shell structure. The
width of the �111� peak, after correcting for instrumental
broadening, yielded an average crystallite size of 4�0.5� nm
using the analysis of integral breadth of the Bragg
reflections.11,12

The TEM micrograph is shown in Fig. 3 and the corre-
sponding Iron elemental map using energy filtered transmis-
sion electron microscopy �EFTEM� is shown in Fig. 4. The
selected area electron diffraction �SAED� pattern also shows
the diffraction rings from the Au �111� and higher order

FIG. 1. Scanning electron microscopy image of nanoporous
Au0.55Fe0.45 alloy.

FIG. 2. X-ray diffraction pattern of the nanoporous Au0.55Fe0.45

alloy. The overlap of the peak positions of Au and Fe is indicated.

FIG. 3. TEM image of the nanoporous Au0.55Fe0.45 alloy.
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planes, but still the overlap of iron and gold lines could not
be resolved. Hence, to get the iron distribution in the sample
EFTEM elemental map was taken. The Fe elemental map-
ping shows that iron is preferentially present in the surface
region of the nanostructure. The microstructure of the alloy
therefore consists of gold rich core surrounded by an iron
rich shell.

B. Dilation measurements

Figure 5 shows the results of the dilatometry measure-
ments during charging and decharging of the sample. In Fig.
5�a�, the current is plotted as a function of the applied poten-
tial. This plot shows the data of seven consecutive closed
potential loops. One can see that the data for all the loops
overlap with each other indicating a high reproducibility of

the current during each cycle. The variation of length with
respect to time is shown in Fig. 5�b�. An irreversible part was
also observed which decreased with time. The irreversible
part was most likely due to the small shrinkage of the sample
by coarsening and sintering at room temperature during the
initial cycles. The variation due to this irreversible part was
corrected and the resulting curve is shown in Fig. 5�c�. From
the measured length change of the sample it appears that
there is always an increase in length with respect to the ini-
tial length of the sample in the potential range for capacitive
double layer formation investigated in this work. The length
change was zero at the extreme voltage of 0.85 V in the
voltammogram and this was taken as the starting point for
zero charge on the surface of the sample. In what follows,
the charge is surface charge density ���q� relative to the
charge density at 0.85 V has been used. The surface charge
density produced on the sample was calculated by dividing
the accumulated charge by the total surface area as deter-
mined by BET measurements. An overall strain of amplitude
�0.14% was observed for the electrolyte 1M LiClO4 in ethyl
acetate. Similar measurements were carried out using 0.5M
lithium per-chlorate dissolved in propylene carbonate �PC�.

It was observed that the strain increased with the excess
electronic charge on the surface. This trend was observed in
both electrolytes employed in the present study. The strain
observed with the induced charge in both the electrolytes
clearly indicated that it arose effectively from the surface
induced charges. Within the selected potential range, any ef-
fects due to adsorption can be excluded as seen in the repeat-
ing cyclovoltammograms.

In metals, a reversible strain has been reported upon ap-
plication of surface charges using electrochemical charging.1

A reversible variation of strain with amplitude of 0.15% was
observed in nanoporous platinum. In situ measurements of
x-ray diffraction indicate a variation of the lattice parameter.
In similar experiments on nanoporous gold, a total reversible
strain of about 0.2% was obtained.2 These measurements
were explained in terms of the capillary equation and the
interface stress13 produced by the excess surface charges
�Lippmann’s equation�. An equivalent way of looking at the
problem is to interpret it in terms of Coulomb forces. The
nanostructure of our sample consists of a chainlike intercon-
nected nanoporous structure. On immersion in the electro-
lyte, a capacitive double layer is produced between the elec-
trolyte and the continuous sample surface. A parallel plate
capacitor geometry is attained in the system and a Coulomb
pressure is built up on the surface of the nanoporous sample
by the Coulomb force.

Fundamental electrostatics14,15 states that a conductor
placed in an electric field will acquire induced charges. The
excess charge will be distributed uniformly over the entire
surface since the electric field inside a conductor is zero. In
the presence of an electric field, the surface charge will ex-
perience a force. The force per unit area acting on the surface
of the conductor, PC, always acts outward normal to the sur-
face and is given by

PC = ��q
2

2�
�n̂ , �1�

where ��q� is the surface charge density and n̂ is an outward
drawn normal. In other words, it can be said that the electric

FIG. 4. EFTEM image of the nanoporous Au0.55Fe0.45 alloy.

FIG. 5. Results obtained by in situ dilation measurements of
nanoporous Au0.55Fe0.45 alloy. The potential was scanned at a scan
rate of 1 mV/sec, and 1M LiClO4 in ethyl acetate was used as
electrolyte: �a� behavior of current with potential �b� length change
as measured in the dilatometer with respect to time �c� corrected
plot of length change with respect to time �d� length change with
respect to surface charge.
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field exerts a negative pressure on the conductor. This im-
plies that due to the induced charge on the surface, the vol-
ume of the conductor expands with the increase of pressure.
It also suggests that the pressure exerted is independent of
the sign of the charge, although a minimum should be ob-
served at the potential of zero charge.

Since, in the selected potential region, the zero strain was
observed at maximum applied potential, the change in slope
was not observed. Also, the above equation holds for a con-
ductor in vacuum and the dielectric constant of the electro-
lyte used was not available to us, therefore, it was assumed
that the dielectric constant of the electrolyte is equal to that
of vacuum. With these two approximations, the pressure de-
veloped due to surface charge was first calculated. To esti-
mate the change in volume due to this change in pressure we
now use the Bulk modulus viz.

B = − V�dP

dV
� . �2�

Hence, the fractional change in volume is given by,

��V

V
� = ��P

B
� . �3�

The negative sign is cancelled by the negative sign of �P
since the pressure is internal. For small strain the volume
change was related to the measured length change by using

��V

V
� = 3��L

L
� . �4�

Since the experimental value of bulk modulus of Au-Fe al-
loys was not known, it was approximated using the models
available in literature for estimating the bulk modulus of fcc
and bcc alloys from values of bulk modulus for end
members.16,17

Using the estimated value of the bulk modulus for
Au0.55Fe0.45 alloy �2.5�1011 N /m2�, the fractional change
in length was calculated using Eqs. �1�, �3�, and �4�. Figure 6
compares the experimental and calculated results plotted
with respect to time for the sample immersed in the electro-

lyte LiClO4 in ethyl acetate �1M�. The inset of Fig. 6 shows
the observed and calculated length change in a small region.
A deviation from linearity is evident from this plot which is
expected for Eq. �1� which predicts a parabolic dependence
of pressure on surface charge density. It shows a reasonable
overall agreement. Similar agreement was observed in the
other electrolyte used.

C. Magnetic measurements

The temperature and field dependence of magnetization
for the nanoporous Au-Fe alloy is shown in Fig. 7. The bulk
Au-Fe alloys beyond 17 atomic percent Fe composition are
ferromagnetic.20 However the nanoporous AuFe alloy
showed a superparamagnetic behavior with a blocking tem-
perature of 65 K. The coercivity was observed to decrease
from 334 Oe at 10 K to zero above the blocking temperature.
The magnetization curves superposed when plotted as a
function of H /T above the blocking temperature.

Reproducible loops of the variation of magnetization ��m�
with applied potential during surface charging in the electro-
chemical cell were observed as shown in Fig. 8. Figures 8�a�
and 8�b� show the variation of �m with voltage scan at ap-
plied fields of 4 and 6 T. It was observed that the magneti-

FIG. 6. Comparison of the calculated length change due to Cou-
lombic pressure developed on the surface due to charging and the
experimentally observed change in length in Au0.55Fe0.45 nano-
porous powder immersed in the electrolyte 1M LiClO4 in ethyl
acetate.

FIG. 7. �a� The temperature dependence of magnetization in the
zero field cooled �ZFC� and field cooled �FC� states of nanoporous
Au-Fe alloy �b� The magnetization plotted as a function of H /T
above the blocking temperature. Both the dependence are charac-
teristic of superparamagnetic behavior of small size particles
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zation increases with the increase in negative charge on the
sample. A change of �0.2% was observed at an applied field
of 6 T. The amplitude of variation was observed to decrease
for a lower applied field.

The pressure dependence of saturation magnetization ��s�
is well known. Using the value of the pressure coefficient of
magnetization �1 /�s� ���s /�p� of iron18 and the bulk modu-
lus of Au-Fe alloy �as estimated earlier�, the change in mag-
netization with the variation in pressure was calculated. Fig-
ures 8�c� and 8�d� compare the observed and calculated
change in magnetization due to variation in pressure which is
built up due to charge on the system. It was observed that at
higher fields, the agreement was better as shown in Fig. 8�d�.
The reason for this is that the expression used for calculation
of magnetization with pressure applies to the saturation mag-
netization, and the sample does not reach complete saturation
at lower fields.

D. Conductivity measurement

A fractional variation of �2.5% in dc electrical conduc-
tivity with induced charge was observed as shown in Fig. 9.
The effect of Coulombic pressure can account for a variation
of only �0.2% whereas the observed change was much
higher. The change in electrical conductivity is therefore an
intrinsic effect related to the additional charge on the surface
of the metal. According to the simple Drude-Sommerfeld
model, the conductivity of a metal depends on the carrier
concentration �n� as well as the mean-free path of the carri-
ers ��� as

� =
ne2�

m
, �5�

where e is the electron charge and m is the electron mass,
which can be taken to be the free-electron mass for a para-

bolic s-like band, as is the case here for the 4s conduction
band for Au. The observed change in the conductivity can
therefore be attributed to an increase in the total charge den-
sity in the conduction band and/or a change in the mobility
of carriers as a result of change in the scattering by the ad-
ditional induced surface charge. The variation in fractional
conductivity due to charge density deduced from Eq. �6�
yields a very simple result,

1

�

��

��ne�
= −

1

n�e�
, �6�

which depends only on the inverse of the intrinsic carrier
concentration. For Au with a free electron concentration of
5.9�1028 /m3 the value of 1 /ne turns out to be 1.06
�10−10 m3 /Coulomb. This quantity estimated from the
slope of the data given in Fig. 9 has a value 1.03
�10−9 m3 /Coulomb, which is an order of magnitude higher.
This suggests that the additional contribution is arising as a
result of the change in carrier mobility which is also ex-
pected to change as a result of additional scattering of the
carriers by the induced surface charge. The change in mobil-
ity of charge carriers has been shown by Dasgupta et al.19 to
be the more predominant contribution to the change in con-
ductivity in the indium tin oxide system, where the conduc-
tivity changes by several orders of magnitude and a contri-
bution from the change in electron density alone cannot
account for the entire effect.

E. Mössbauer spectroscopy

The Mössbauer spectrum of the bulk Au0.5Fe0.5 alloy was
a magnetic hyperfine field split six line pattern with an aver-
age hyperfine magnetic field of 29.5 Tesla and an isomer
shift of 0.31 mm/sec relative to alpha iron. This was consis-
tent with the ferromagnetic nature of the sample with a Curie
temperature above room temperature as observed in earlier
studies on the Au-Fe alloy system.20 The Mössbauer spec-
trum of the nanocrystalline powder of Au0.55Fe0.45 consisted
of a doublet Fig. 10�a� with a quadrupole splitting of 0.80
mm/sec and an isomer shift of 0.35 mm/sec relative to alpha

FIG. 8. Reversible variation of mass magnetization by surface
induced charging at applied field of �a� 4 T �b� 6 T. The solid lines
in the upper parts of �a� and �b� show the variation of the applied
potential with time. �c� and �d� shows the variation of fractional
change in magnetization with charge. The straight line shows the
estimated variations expected from a change in magnetization with
surface charge induced pressure.

FIG. 9. Percentage variation of relative conductivity with the
volume charge for nanoporous Au0.55Fe0.45. The slope of the
straight line fit gives the charge coefficient of conductivity.
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iron. This was consistent with the superparamagnetic nature
of the nanocrystalline powder as also seen in the magnetiza-
tion behavior.

For in situ charging experiments, the Mössbauer spectra
were recorded consecutively at various applied potentials.
This was done with the potentiostat set in the chronoamper-
ometry mode, wherein the potential was applied at the work-
ing electrode �the Mössbauer absorber in our case� and held
at that potential and the current through the electrochemical
cell was recorded as a function of time. Figure 10 shows the
spectra and the quadrupole distributions corresponding to
three different states of the Mössbauer absorber. These dis-
tributions can be interpreted to give a qualitative information
on the atomic level regarding the changes brought about by
the charge induced on the surface of the nanomaterial. Figure
10�d� shows the observed quadrupole distribution for the as-
prepared dry sample. The main peak in the distribution cor-
responds to the average value of the quadrupole splitting.
The quadrupole distribution for the sample with the maxi-
mum possible induced charge is shown in Fig. 10�e�. It
shows an additional peak at 1.3 mm/sec with about 40 per-
cent area. We can attribute this new peak to the electric filed

gradients seen by the surface atoms because the atoms on the
surface will be influenced by the induced charge density as
well as the lattice distortions brought about by the induced
strain. The quadrupole distribution in Fig. 10�f� corresponds
to the case when the sample is in the electrolyte and applied
voltage on the electrode corresponds to the lowest induced
charge. It was observed that there was a broadened peak due
to the overlap of the two peaks indicating that the two peaks
have now come closer due to a decrease in the charge.

Figure 11 shows the variation of isomer shifts with charge
for the complete potential range of the experiments. The co-
efficient of pressure dependence of isomer shift of iron in
gold is �−2.1�10−4 mm /sec /kbar�.21 The maximum pres-
sure exerted by surface charge as calculated by the strain
measurements was about �11 kbar. This implies a maxi-
mum change of 0.0023 mm/sec in isomer shift. The observed
shift was about 0.012 mm/sec which is five times higher.
This once again brings us to the question whether the entire
effect is attributable to a pressure effect alone or there is also
a contribution due to the change in electron density of the
surface atoms due to electrochemical charging. However, the
experimental error bars in the observed isomer shift do not
permit us to draw any definitive conclusion. The influence on
quadrupole splitting was somewhat more pronounced as seen
in Fig. 12. There was clearly an indication from the quadru-
pole distributions as well as the average values of the quad-
rupole splitting that the surface atoms experience a local dis-
tortion due to the strain induced by the electrochemical
charging.

IV. SUMMARY

We investigated the effect of electrochemically induced
surface charge on the physical properties of nanoporous
gold-iron alloy prepared by inert gas condensation. The ob-
served reversible variation in relative strain with charge was
understood to be an electrostatic effect and explained in
terms of a Coulombic pressure, which builds up due to sur-
face charge on the nanomaterial.

The effect of surface charging on the magnetization of the
alloy was studied at different constant applied magnetic
fields. A reversible variation of magnetization with potential

FIG. 11. The variation of isomer shift with induced charge due
to electrochemical charging of the Mössbauer absorber.

FIG. 12. The variation of average quadrupole splitting as a func-
tion of induced charge due to electrochemical charging of the
absorber.FIG. 10. The Mössbauer spectra obtained during surface charg-

ing at various potentials and the respective quadrupole distributions
�a� dry sample implies zero charge �b� maximum negative charge
�c� return to nearly zero charge �d�, �e� and �f� show the correspond-
ing quadrupole distributions.
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was observed. A relative change of 0.2 percent was observed
at high fields. This was explained as an effect of the pressure
produced due to induced charge.

Electrical conductivity measurements were carried out in
the chronoamperometry mode. A reversible variation in con-
ductivity of about 2.5 percent was observed. The effect was
attributed to a change in the charge density in the conduction
band, though a small effect due to the change in the mobility
of charge carriers was also present.

Mössbauer spectroscopic studies on the Au0.55Fe0.45
sample showed a systematic variation in hyperfine interac-
tion parameters with charge. These studies indicated that the
influence of the electrochemically induced charges could be
evinced at the atomic level also and provided supporting
evidence for the changes in the macroscopic physical prop-
erties that were brought about by the charge. Two effects of

charging, viz. the Coulomb pressure effect due to the surface
charge and the concentration effect due the modification of
charge density itself, were shown to play a crucial role in the
electronically tunable physical properties of nanoporous ma-
terials.
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