
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 1
0:

39
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Linear magnetor
Research Center of Laser Fusion, China Ac

621900, P. R. China. E-mail: lizhaoguoabc@

Cite this: RSC Adv., 2017, 7, 26434

Received 7th April 2017
Accepted 11th May 2017

DOI: 10.1039/c7ra03979d

rsc.li/rsc-advances

26434 | RSC Adv., 2017, 7, 26434–264
esistance in gold foams
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The electrical transport properties of metal foams may not only be of fundamental research interest but

can also lead to wide application in sensors. We report the magnetotransport properties of gold foams

prepared by a chemical template–dealloying method. The temperature dependence of the resistivity of

gold foams represents a metallic behavior with zero magnetic field. With increasing magnetic field,

a crossover from quadratic to linear dependence of the magnetoresistance in gold foams is observed

in the studied temperature range (2–50 K). The physical mechanisms resulting in this observation

may be ascribed to the classical linear magnetoresistance theory based on the spatial mobility

fluctuations or current distribution effect. However, further evidence is required to determine the

exact mechanism.
I. Introduction

The electrical transport study of nanostructures has attracted
substantial research interest in the past decades. Various novel
physical phenomena have been discovered, such as the
quantum Hall effect in quantum wells,1 the single-electron
tunneling in quantum dots,2 the quantum interference effect
in disordered systems,3 the giant magnetoresistance (MR) effect
in alternating ferromagnetic and non-magnetic layered lms,4

and so forth. The newly discovered articial nanostructures
have also promoted quantum transport studies, such as carbon
nanotubes,5 graphene,6 topological insulators,7 transition metal
dichalcogenides,8 and so forth. Overall, the transport study of
nanostructures will remain a very active research area in the
future owing to its importance in fundamental physics and for
practical applications.

The low-density gold foam is a typical nanostructured
material, which exhibits numerous potential applications in
catalysts, sensors, plasmonics, and so forth, owing to the high
surface-volume ratio and low electrical resistivity.9 The elec-
trical transport study of gold foams is a critical issue for
exploring the effect of the three-dimensional (3D) interior
topology of nanostructures on their electrical transport prop-
erties.10–14 Fujita et al.10 reported extremely low MR values for
nanoporous gold lms. Their work underscored the impor-
tance of the 3D topology of a nanostructure on the electronic
transport properties. Xia et al.11 observed that the thermal and
electrical conductivities of nanoporous gold lms were
signicantly lower than those of bulk gold, but the corre-
sponding Lorenz number was strikingly similar to that of bulk
gold. Their work reveals the anomalous electrical transport
ademy of Engineering Physics, Mianyang
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properties in nanoporous gold materials; however, the phys-
ical mechanisms of the above experimental phenomena
remain unknown. Therefore, further experimental and theo-
retical efforts are required in this direction.

Here, we report on the magnetotransport behavior of gold
foams. The temperature dependence of the resistivity of gold
foams represents a metallic behavior with zero magnetic eld.
The MR curves between �9 T and 9 T for gold foams are
measured in the low temperature regime (2–50 K). A crossover
from a quadratic to a linear dependence of the MR in gold
foams is observed with an increase of the magnetic eld. The
physical mechanisms behind this observation are discussed.
II. Methods

The gold foams studied in this work were prepared by a chemical
template–dealloyingmethod. First, Au and Ag nanoparticles were
electroless deposited onto polystyrene (PS) microspheres which
were employed as the sacricial template. Next, the cylindrical
PS/(Au–Ag) monolith was formed by lter-casting of the nano-
particle coated PS suspension. Then, the self-supported Au–Ag
foams were produced by removing the polystyrene template. The
self-supported gold foams with bimodal porous structure were
nally obtained aer dealloying of Ag. The details of the prepa-
ration technology can be found in ref. 15. The structure of gold
foams was characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and X-ray computed tomography
(CT). To measure the resistivity, the Hall-type electrodes were
attached onto the gold foams by using silver paint. The magne-
totransport measurements of the gold foams were performed on
a Quantum Design physical property measurement system,
which can provide a low temperature condition of T ¼ 2 K in
magnetic elds up to B ¼ 9 T.
This journal is © The Royal Society of Chemistry 2017
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Table 1 Parameters of samples. l is the conduction length (i.e., the closest distance between the two voltage probes), w is the width, t is the
thickness, r0 is the resistivity, m is the electron mobility, n is the electron concentration, Dr(9 T)/r(0) ¼ [r(B ¼ 9 T) � r(0)]/r(0) � 100%. The values
of r0, m, n and Dr(9 T)/r(0) are for 2 K

Sample l (mm) w (mm) t (mm) r0 (mU m) m (cm2 V�1 s�1) n (cm�3) Dr(9 T)/r(0) (%)

S1 1.0 0.5 0.3 1.41 6.2 4.13 � 1021 1.35
S2 0.8 0.9 0.4 2.45 10.8 4.11 � 1021 1.87
S3 1.1 0.8 0.6 2.01 9.7 3.21 � 1021 1.50
Au lm 0.05 0.01 3 � 10�5 0.012 69 7.45 � 1022 0.39
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III. Results

We investigated three gold foams that were cleaved from
a monolith. For comparison, a gold lm prepared by electron-
beam evaporation was also studied. The parameters of these
samples are listed in Table 1.

Fig. 1(a) shows the SEM image of the gold foams. We
observed that the foam consists of gold microspherical shells.
The details of the single microspherical shell are shown in
Fig. 1(b), where the diameter of the shells was approximately 10
mm. The hollow structure of the gold microspherical shells can
be identied by nano-CT measurements, as shown in Fig. 1(c),
and the thickness of the shells was obtained as �400 nm. The
XRD measurements show the polycrystalline structure of the
gold foams [Fig. 1(d)]. Fig. 1(e) shows the temperature depen-
dence of the resistivity r(T) for the three gold foam samples
(named as S1, S2 and S3) at zero magnetic eld. The electrical
Fig. 1 Characterization of the gold foams. (a) Scanning electron microsc
the hollow microspherical shells of gold foams. (c) Reconstructed thr
tomography. (d) X-ray diffraction patterns of gold foams. The dominan
Temperature dependence of resistivity of the three gold foam samples a

This journal is © The Royal Society of Chemistry 2017
resistivity decreased with a decreasing temperature, which is
a typical metallic behavior. The values of the gold foams'
resistivity at low temperatures were in the order of 1 mU m,
which is 100 times larger than the resistivity of the gold lm
(Table 1). The large difference in resistivity between gold foams
and lms originated from the high porosity of the foams. The
calculated resistivity of the gold foams, as indicated in Table 1,
did not exclude the voids in the foams. This issue will be dis-
cussed further below.

Fig. 2(a–c) display the MR curves at T ¼ 2 K for S1 to S3,
respectively, where the MR value is dened as Dr(B)/r(0) ¼ [r(B)
� r(0)]/r(0) � 100%. A nonsaturating of the MR values at a very
high magnetic eld can be observed. The insets of Fig. 2(a) and
(b) show the eld derivative of MR, that is, dr(B)/dB of S1 and S2,
respectively. We can see that dr/dB initially increased linearly
with an increase in the eld, which indicates the B2 dependence
of r(B). Then, dr/dB was saturated for B above the critical eld
opy (SEM) image of the gold foammonolith. (b) Enlarged SEM image of
ee-dimensional structure of gold foams imaged by X-ray computed
t diffraction peaks are labelled, which belong to the gold crystals. (e)
t zero magnetic field.
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Fig. 2 Magnetoresistance (MR) of gold foams at T ¼ 2 K. MR curves of (a) foam samples S1, (b) S2 and (c) S3 in the perpendicular field B, where
Dr(B)/r(0) ¼ [r(B) � r(0)]/r(0) � 100%. The solid lines are the linear fitting results of high field MR and are used as guides for the eye. The dashed
curves are the Kohler fits to the low field MR. The insets of (a) and (b) show the dr(B)/dB curves of S1 and S2, respectively, the dashed curves are
guides for the eye. The inset of (c) shows the Hall resistance Rxy plotted as a function of field B for S3. The solid line is the linear fitting of the Rxy–B
data. (d) MR curve of a gold film, the dashed curve is the Kohler fit. The inset shows theDr(B)/r(0) plotted as a function of B2, the dashed line is the
linear fitting result as a guide for the eye.
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[the dashed curves in the insets of Fig. 2(a) and (b)], which
corresponds to a linear MR. The solid lines in Fig. 2(a–c) indi-
cate the linear MR curves of the gold foams. Fig. 2(d) shows the
MR curve of a homogeneous Au lm at T ¼ 2 K. The Dr(B)/r(0)
plotted as a function of B2 for the gold lm is shown in the inset
of Fig. 2(d). The linear dependence of Dr(B)/r(0) � B2 revealed
the classical magnetotransport in the gold lms. The classical
diffusion of electrons in materials arising from the Lorentz
force will lead to a B2 dependence of MR, that is, Kohler's rule:16

Dr(B)/r(0)x (mB)2, where m is the electron mobility. The dashed
curve in Fig. 2(d) is the Kohler tting result. A good tting result
is obtained over the whole magnetic eld range of the gold lm.
For the gold foams, we can see that Kohler's rule was valid only
in the low-eld regime (|B| ( 2 T), and the high-eld regime
(|B|T 3 T) was dominated by a linear MR behavior [Fig. 2(a–c)].

The inset of Fig. 2(c) shows the Hall resistance of sample S3.
The linear tting of the Rxy–B curve gives the electron concen-
tration of the gold foams nfoam z 3.21 � 1021 cm�3 for S3. By
using the free electron gas model, we could estimate the elec-
tron mobility in gold foams as m ¼ 1/(ner)z 9.7 cm2 V�1 s�1 for
S3. Additionally, nlm z 7.45 � 1022 cm�3 was also obtained,
which is consistent with the values of bulk gold.17 The electron
concentration n and mobility m of all samples are listed in Table
1. We observe that the value of nlm was �20 times larger than
that of nfoam. Intuitively, the reason for this could be ascribed to
the voids in the foams as the calculated r did not exclude the
26436 | RSC Adv., 2017, 7, 26434–26439
void volumes in the gold foams. If we consider the porosity of
the gold foams [�80% (ref. 15)], the revised nfoam was in the
order of 1022 cm�3. This value is consistent with the values of
the gold lms and bulk.

Fig. 3(a) and (b) represent the MR curves of gold foam
samples S1 and S2, respectively, from 2 K to 50 K. Several
features of these MR curves were distinguishable, such as, the
MR is (i) positive; (ii) relatively large (�1.9% at B¼ 9 T and T¼ 2
K); (iii) unsaturated in the high-eld regime that is directly
proportional to the magnetic eld over the whole temperature
range. Moreover, the MR curves with T ( 20 K were nearly
coincident with each other. For temperatures exceeding �20 K,
the MR values were weakened, and the magnetic eld range
where Kohler's rule was dominant was widened. For example, at
T ¼ 50 K, Kohler's rule was valid in the low-eld regime for |B|
( 5 T, and a linear MR behavior could be observed in the high-
eld regime (|B|T 5 T). Fig. 3(c) shows the MR values at B¼ 9 T
plotted as a function of the temperature for the gold foam
samples. Fig. 3(d) displays the temperature dependence of the
electron mobility m that was extracted from the Hall tting of
the Rxy–B data of the gold foams. We can see that Dr(9 T)/r(0)
and mwere nearly constant at T( 20 K, and they were decreased
when the temperature exceeds �20 K owing to the enhance-
ment of the thermal phonon scattering in the gold foams. These
tendencies are consistent with the results from nanoporous
gold.10
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Magnetotransport properties of the gold foams. (a) and (b) show theMR curves at several T values as indicated for the foam samples S1 and
S2, respectively. (c) Temperature dependence of Dr(9 T)/r(0). (d) Temperature dependence of the electronmobility m that is extracted by the Hall
fitting. (e) Temperature dependence of the slope of the linear MR (LMR), that is, SLMR h dr(B)/dB at the high field regime.

Fig. 4 Magnetoresistance values Dr(9 T)/r(0) of the homogeneous
gold films, the nanoporous gold films and the gold foams. The results
of the nanoporous gold films are adapted from ref. 10.
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Fig. 4 compares the MR values at a highmagnetic eld (B¼ 9
T) for different forms of gold material. The MR values of the
homogeneous gold lms and the gold foams are shown (see
Table 1 and Fig. 2). The MR values of the nanoporous gold at B
¼ 18 T and T ¼ 4.2 K were adapted from the report by Fujita
et al.10 The typical value of Dr(18 T)/r(0) for nanoporous gold is
0.6%, which is larger than that of gold lms but smaller than
the Dr(9 T)/r(0) values for our gold foams. The large difference
of the MR values between the different gold forms further
demonstrated that the electrical transport properties were
affected by the 3D topology of the nanostructures.
This journal is © The Royal Society of Chemistry 2017
IV. Discussions

Now, we discuss the physical mechanisms behind the linear MR
behavior in our gold foams. The linear MR phenomenon has
been widely studied in several materials, such as Ag2�dSe,18

Ag2�dTe,19 Bi lms,20 InSb,21 Bi2Te3,22 Bi2Se3,23 Cd3As2,24 WTe2,25

TaAs,26 b-RhSn4,27 GaAs quantum wells,28 graphene29 and
carbon foams.30–32 To the best of our knowledge, two types of
theoretical models have been proposed to explain the linear MR
phenomena: the classical model and the quantum model. One
of the classical linear MR models was suggested by Parish and
Littlewood (PL).33,34 They argued that the magnetotransport
properties of the inhomogeneous materials were governed by
the spatial mobility uctuations rather than the mobility itself.
The large mobility uctuations would lead to a linear MR
behavior in the strong disordered systems. Another classical
model was proposed by Sampsell and Garland,35 and Stroud and
Pan36 (SGSP). They exactly calculated the electrical current
distributions in the free-electron conductors with non-
conducting spherical and cylindrical inclusions. The calcu-
lated results revealed that the current distortions occurred
while the magnetic eld was present. A larger eld resulted in
a larger current distortion. This effect led to a linear MR
behavior in the high eld regime. In contrast, a quantummodel
was developed by Abrikosov37 in 1969. According to Abrikosov's
theory, a linear MR appeared in gapless semiconductors with
a linear energy dispersion under the quantum limit condition,
that is, the applied magnetic eld must be so strong that only
the lowest Landau level is populated. Recently, several quantum
models have been proposed38,39 to interpret the linear MR
RSC Adv., 2017, 7, 26434–26439 | 26437
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Fig. 5 Analysis of the PL theory. (a) Plot of the crossover field, BC, versus the inverse of the average mobility, <m>�1. (b) MR values Dr(9 T)/r(0)
plotted as a function of the average mobility <m>. The dashed lines in (a) and (b) are used as guides for the eye.
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properties in topological insulators22,23 and topological semi-
metals24–26 that lie outside of the Abrikosov paradigm. These
progresses were not discussed here as they are inappropriate for
our foam materials.

In our samples, rst we excluded Abrikosov's mechanism
owing to the breaking of the quantum limit condition at such
a low magnetic eld (EF/ħuC � 2500[ 1 at B ¼ 9 T, where EF is
the Fermi level and ħuC is the rst Landau level) in our gold
foams. Next, we attempt to determine the applicability of the
classical PL model in our gold foams. Obviously, the strong
structure inhomogeneity of gold foams will leads to the spatial
inhomogeneity of electron mobility. According to the PL theory,
in the case of Dm/<m> < 1 (where <m> is the average mobility and
Dm is the mobility uctuation), we could expect (i) BC f <m>�1

(BC is the critical eld above which the MR becomes linear) and
(ii) Dr/r(0) f <m>. Fig. 5(a) and (b) show the dependence of BC
on <m>�1 and the dependence of MR at B ¼ 9 T on <m>,
respectively. These experimental results were consistent with
the predictions from PL theory. However, the precondition of
Dm/<m> < 1 deserves the experimental conrmation in the
future. Finally, we considered the classical SGSP theory. This
predicted a theoretical expression for the linear MR for samples
containing spherical and cylindrical voids:35,36,40

drðBÞ
dB

¼ af

n0e
(1)

where n0 is the electron concentration of the matrix material, e
is the electron charge, f is the volume fraction of the voids (f �
0.8 for our gold foams), and a is a numerical constant that is a¼
0.49 for spherical and a ¼ 1 for cylindrical voids. We noted that
the slope of the linear MR [i.e., SLMR h dr(B)/dB at the high eld
regime, see the insets of Fig. 2(a) and (b)] is temperature inde-
pendent according to eqn (1). Fig. 3(e) displays the temperature
dependence of SLMR for the gold foams. We observed that SLMR

is nearly a constant in the temperature range of T ( 30 K, and
the suppressed SLMR at T ¼ 50 K may stem from the enhance-
ment of the conventional B2 dependent MR contributions.
Quantitatively, we can estimate the electron concentration of
the gold material in the foams n0 � 1021 cm�3 by using eqn (1).
This value seems smaller than the value of nfoam/(1 � f) � 1022

cm�3, which was extracted by Hall analysis. Overall, the linear
26438 | RSC Adv., 2017, 7, 26434–26439
MR in the gold foams was caused by the classical mechanisms.
Both the PL and SGSP theories can qualitatively interpret the
experimental results, and the detailed mechanism deserves
further experimental clarication.
V. Conclusions

We experimentally studied the magnetotransport properties of
the gold foams that were prepared by a chemical template–
dealloying method. The temperature dependence of the resis-
tivity of the gold foams represents a metallic behavior with zero
magnetic eld. With an increasing magnetic eld, a crossover
from a quadratic to linear dependence of themagnetoresistance
and the nonsaturating linear magnetoresistance in gold foams
are observed. The physical mechanisms of the linear magne-
toresistance in the gold foams are discussed within the frame-
works of the classical PL and SGSP theories, but further
investigations are required to determine the exact mechanism.
Our work reveals a linear magnetoresistance phenomenon in
the gold foams, which may be useful for future applications.
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