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Structural, electronic, and magnetic properties of AunGd (n = 6–15) small clusters are investigated by using first
principles spin polarized calculations and combining with the ab-initio evolutionary structure simulations. The calculated
binding energies indicate that after doping a Gd atom AunGd cluster is obviously more stable than a pure Aun+1 cluster.
Au6Gd with the quasiplanar structure has a largest magnetic moment of 7.421 µB. The Gd-4f electrons play an important
role in determining the high magnetic moments of AunGd clusters, but in Au6Gd and Au12Gd clusters the unignorable spin
polarized effects from the Au-6s and Au-5d electrons further enhance their magnetism. The HOMO–LUMO (here, HOMO
and LUMO stand for the highest occupied molecular orbital, and the lowest unoccupied molecular orbital, respectively)
energy gaps of AunGd clusters are smaller than those of pure Aun+1 clusters, indicating that AunGd clusters have potential
as new catalysts with enhanced reactivity.

Keywords: AunGd clusters, structural evolution, first-principles calculations, electronic structure, magnetic
property
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1. Introduction
In contrast to the pervasive inertness of bulk Au,

Au nanoparticles exhibit an astonishingly high chemical
activity.[1,2] A great breakthrough for excellent catalytic activ-
ities of highly dispersed gold particles on a nanoscale in par-
ticipating in low temperature CO oxidation[3] has stimulated
the intensive search for new Au-based nanocatalysts. Espe-
cially, the tunable magnetism can be obtained in nonmagnetic
gold nanoparticles by doping transition metal (TM) or rare
earth (RE) atoms.[4,5] The distinguished quantum-size effect,
element synergies, and plasmonic characteristics of AunM
(M = TM, RE) bimetallic clusters can be tailored through
changing the size of cluster and the composition of endohe-
dral atom,[6–9] which has exerted a tremendous fascination
on designing and synthesizing highly efficient catalysts, elec-
tronic devices, imaging equipment, and many other versatile
aspects.[10,11] Ultrasmall AunM clusters consisting of a few
to tens of atoms have been emphatically considered as ideal
candidates of catalysts due to their high specific surface area,
multitudinous active sites, and high utilization efficiency of
precious metal. While in the process of sample preparation,
high surface energy and Ostwald ripening are generally detri-
mental to maintain the isolated configurations and lead ul-
trasmall particles to easily agglomerate together,[12,13] which
adds the difficulty in obtaining ideal AunM small clusters for

further investigation. Moreover, the in-situ characterizations
of nanocatalysts by applying experimental methods are still
underdeveloping,[14] which brings stumbling blocks to figur-
ing out the catalytic active sites.

Currently, the state-of-the-art first principles calcula-
tions have provided an effective way to investigate and un-
derstand the structural and physicochemical properties of
nanoclusters.[15–19] Some researchers have devoted a great
deal of effort to theoretically designing noble metal-based
bimetallic clusters doped by a TM atom like AunCu,[20]

AunTi,[21] and AgnCo,[22] but a systematic study on noble
metal-based small clusters doped by a RE atom is still scarce.
As is well known, the relativistic effect boundary lying in the
fifth and sixth period of the periodic table of elements results
in significant differences in electronic configurations and ele-
mental natures between TM and RE elements. Recently, Ya-
dav and Kumar[23] have theoretically found a Au15Gd cluster
with a cage structure and large magnetic moment of 7 µB by
performing ab-initio calculations, which is desirable for can-
cer therapy. To the best of our knowledge, however, the in-
vestigation on the structural evolution of the Aun small cluster
doped by a Gd atom (AunGd) has not been made until now.
In this paper we present a systematic search for the global sta-
ble structures of AunGd (n = 6–15) clusters by employing the
ab-initio evolutionary simulations, and further investigate the
corresponding electronic and magnetic properties of AunGd
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clusters with the lowest energy based on first-principles spin
polarized calculations. The ultimate goal of our study is to
shed light on the explanation of correlation between electronic
and geometric features when dealing with RE atom doped gold
nanoclusters.

2. Computational methods
The global structure searches of AunGd (n = 6–15) clus-

ters were performed using the evolutionary algorithm imple-
mented in the USPEX code.[24,25] The population size was set
to be 30 and the initial population was randomly produced
by applying the possible point group symmetries. The suc-
ceeding generations were obtained by applying heredity, mu-
tation operators with probabilities of 50% and 30%, respec-
tively. Currently, the USPEX code has a great number of suc-
cessful applications in the structure determination of various
materials including bulk solids,[26,27] surfaces,[28] and isolated
clusters.[29] The underlying total energy calculations were per-
formed within the spin-polarized density functional theory
by using the all-electron projector augmented wave (PAW)
method[30] as implemented in the Vienna Ab-initio Simulation
Package (VASP).[31] The exchange–correlation functional was
dealt with the Perdew–Burke–Ernzerhof (PBE) form of gener-
alized gradient approximation.[32] The energy cutoff for the
plane-wave basis set was set to be 380 eV, which guarantees
good convergence. All the obtained clusters were optimized
in a 15 Å×15 Å×15 Å cubic cell, large enough to neglect the
interaction between the cluster and its replicas in neighbor-
ing cells. The Brillouin zone was sampled using a single Γ

point for the geometry optimization. The atomic coordinates
of clusters were relaxed until the self-consistent total energy
was less than 0.01 meV, and the ionic forces on each atom
were less than 0.005 eV/Å.

3. Results and discussion
3.1. Geometries of stable AunnnGd clusters

For comparison, the lowest-energy structures of pure
Aun+1 (n = 6–15) clusters are first predicated from our evolu-
tionary simulations and presented in Fig. 1. Their geometries
are consistent with previously reported results.[33] The most
stable isomers of AunGd (n = 6–15) found in our predica-
tions are shown in Fig. 2. For Au6Gd, the guest impurity
atom Gd is capped on the center of the Au6 ring, contriv-
ing a regular hexagonal pyramid with C6v symmetry. Note
that the equilibrium geometry of Au6Gd is different from
transition-metal-doped Au6 clusters, Au6T M (T M = Sc, Ti,
V, Cr, Mn, Fe, Co, Ni), in which the TM atom is located in
the center of the hexagonal Au6 ring, forming a perfectly pla-
nar two-dimensional (2D) structure with a higher symmetry
(D6h).[4,34] In the case of Au7Gd, a perfectly planar structure
with D7h symmetry is its ground state isomer, where Gd is

just in the center of the Au7 ring. Moreover, our predication
for the Au7Gd cluster is in good agreement with a previous
report on the structure of the Ac7Gd cluster.[35] It is notice-
able that the most stable structure of Au8Gd possesses Cs

symmetry and can be explained as an evolution from Au6Gd
capped by two Au atoms symmetrically. Obviously, it can
be found from Fig. 2 that for AunGd the transition from 2D
planar structure to three-dimensional (3D) structure occurs at
Au9Gd. Meanwhile, our predicated results have clearly indi-
cated that the 2D–3D crossover for AunGd occurs in advance
in comparison with pure Aun+1 clusters presented in Fig. 1.
On the one hand, the 5d–6s hybridization between Au atoms
has a tendency to form σ -like directional bonds,[36] causing
Aun clusters to conserve planarity up to larger sizes. On the

Au7(Cs) Au8(Ch) Au9(Cv)

Au14(Cv) Au15(Cv) Au16(Td)

Au10(Dh) Au11(Cs) Au12(Dh) Au13(C)

Fig. 1. (color online) Geometrical structures of the lowest-energy Aun+1
(n = 6–15) clusters determined from the structural evolutionary simula-
tions.

Au7Gd(Cv) Au7Gd(Dh) Au8Gd(Cs)

Au13Gd(Cs) Au14Gd(C) Au15Gd(C)

Au9Gd(Cv) Au10Gd(Cs) Au11Gd(Cs) Au12Gd(Dd)

Fig. 2. (color online) Geometrical structures of the lowest-energy AunGd
(n = 6–15) clusters determined from the structural evolutionary simula-
tions.
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other hand, a rare earth Gd atom tends to have a high co-
ordination number (CN) by bonding with the nearest neigh-
bor atom due to its various valence orbitals. As indicated in
our predication, however, the maximum of CN of Gd atom
in AunGd stable isomers with planar structure seems to be 7,
reaching this limit in Au7Gd. With further increasing the size
of AunGd cluster, 2D planar isomers become unstable and 3D
structures like Au9Gd (C2v), Au10Gd (Cs), and Au11Gd (Cs),
respectively with the CN of 9, 10, and 9, are energetically fa-
vorable. For Au12Gd, the lowest energy structure with D6d

symmetry is made up of two rotated Au6 rings linked by the
central Gd atom. The cage-like feature gradually appears in
Au13Gd (Cs) and Au14Gd (C2) clusters. It must be pointed out
that the cage-like structure of Au14Gd is also analogous to that

of Au14Th previously reported by Gao and Wang.[37] When
n = 15, Au15Gd, a nearly perfect Gd-encapsulated Au15 cage
is formed, which agrees well with the previous prediction.[23]

The optimized Gd–Au and Au–Au bond lengths in AunGd
clusters are listed in Table 1. For comparison, the bond lengths
of pure Aun+1 clusters are given in Table 1 and are in good
agreement with previously calculated values.[33] In AunGd,
the Au–Au bond lengths are obviously shorter than the Au–
Gd bond lengths. The bond lengths gradually increase as the
size of cluster increases, accompanied by an odd–even oscil-
lation. Moreover, it can be found that the change trend in the
Au–Gd bond length is almost contrary to that in the Au–Au
bond length.

Table 1. Calculated values of interatomic distance (dAu-Au, dAu-Gd), substitution energy (Es), binding energy (Eb), magnetic moment (M), and HOMO–
LUMO energy gap (G) of AunGd clusters. The calculated values of pure Aun+1 clusters are listed for comparison.

Size AunGd Aun+1

(n) dAu-Au/Å dAu-Gd/Å Es/eV Eb/eV M/µB G/eV dAu–Au/Å Eb/eV G/eV

6 2.738 2.845 −3.944 2.41 7.421 0.42 2.7 1.846 0.87
7 2.624 3.023 −4.187 2.487 6.971 0.60 2.676 1.964 1.41
8 2.739 2.875 −4.227 2.422 7.135 0.08 2.717 1.952 0.61
9 2.728 3.021 −4.441 2.480 6.999 0.94 2.722 2.036 1.29
10 2.743 2.965 −4.503 2.448 7.132 0.04 2.721 2.038 0.61
11 2.766 3.054 −4.398 2.472 6.997 0.82 2.724 2.106 0.98
12 2.817 3.017 −4.877 2.473 7.226 0.94 2.725 2.097 0.54
13 2.805 3.101 −5.184 2.51 6.994 0.76 2.849 2.14 1.56
14 2.822 3.07 −5.65 2.515 7.04 0.01 2.816 2.138 0.52
15 2.832 3.051 −6.151 2.562 7 1.47 2.761 2.177 1.35

3.2. Structural stability of AunnnGd clusters

To verify whether it is favorable to dope/substitute a Gd
atom in Aun clusters, we calculate the substitution energy (Es)

which is defined as

Es = E(AunGd)+E(Au)−E(Aun+1)−E(Gd),

where E(Aun+1) and E(AunGd) refer to the total energies of
pure Aun+1 and AunGd clusters, respectively; the E(Au) and
E(Gd) are the energies of single Au and Gd atoms. Thus, ac-
cording to the above definition, a negative value of Es indicates
that it is possible to introduce a Gd atom into the Aun cluster.
As presented in Fig. 3(a), the values of Es of all studied clus-
ter sizes are negative and gradually decrease with cluster size
increasing. Our calculated results clearly indicate that doping
a Gd atom into a small Aun cluster is energetically favorable
to its stability and this doping effect on the structural stability
of the Aun cluster becomes more obvious with the increase of
cluster size.

In order to further investigate the size-dependent thermo-
dynamic stability of AunGd clusters, the average binding en-
ergy (Eb) changing with cluster size is calculated. The values
of Eb of AunGd and pure Aun+1 clusters are defined as fol-
lows:

Eb(AunGd) =−[E(AunGd)−nE(Au)−E(Gd)]/n,

Eb(Aun+1) =−[E(Aun+1)− (n+1)E(Au)]/(n+1),

where E(AunGd), E(Au), E(Aun+1), and E(Gd) are the ener-
gies of AunGd cluster, Au atom, Aun+1 cluster, and Gd atom,
respectively. The results presented in Fig. 3(b) and Table 1
show that with increasing the sizes of both AunGd and Aun+1

clusters, the calculated Eb gradually increases accompanied
by a slight odd–even oscillation. Especially, the Eb of AunGd
cluster is about 0.5 eV larger than that of pure Aun+1 cluster,
which indicates that the substitution of a Gd atom for an Au
atom can evidently enhance the stability of the gold cluster.
This should be directly related to the generation of stronger
Gd-Au bonds in AunGd clusters. Moreover, AunGd clusters
become more stable with the increase of cluster size due to the
formation of more Gd-Au bonds.

3.3. Magnetic properties of AunnnGd clusters

The total magnetic moment of a cluster is a combina-
tion of the spin and orbital magnetic moments. However,
the magnetic moment of a cluster is mainly dominated by the
spin magnetic moment since the contribution from the orbital
magnetic moment of an electron can be neglected. The total
magnetic moments of AunGd clusters obtained from the spin-
polarized calculations are presented in Table 1 and displayed
in Fig. 4.
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Fig. 3. Calculated values of substitution energy (Es) and binding energy
(Eb) of the ground state AunGd (n = 6–15) clusters. For comparison, the
calculated Eb of pure Aun+1 clusters is presented.
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Fig. 4. Calculated magnetic moment (M) versus cluster size of the ground
state AunGd (n = 6–15) clusters.

It can be seen that the calculated magnetic moment shows
an odd–even oscillation with the increase of cluster size. The
calculated magnetic moment of Au15Gd is 7 µB, and consis-
tent with a previously reported value.[23] When n = 7, 9, 11,
13, the total magnetic moments of AunGd clusters are also
almost close to 7 µB. However, the calculated magnetic mo-
ments of AunGd clusters with even n are larger than 7 µB.
Especially, Au6Gd atomic cluster possesses the largest mag-
netic moment of 7.421 µB. It is not surprising if one con-
siders the fact that atomic clusters with the reduced coordi-
nation number and higher symmetry would exhibit enhanced
magnetization.[34] In all of AunGd atomic clusters considered
here, as discussed above, Au6Gd with C6v symmetry has the
lowest coordination number of 6. Although Au12Gd has a rel-
atively high coordination number, its symmetry with D6d is
the highest in AunGd clusters. Hence, the calculated magnetic
moment of Au12Gd with 7.226 µB is also significantly larger

than those of other AunGd clusters except Au6Gd. Addition-
ally, our calculations indicate that the additional magnetic mo-
ments beyond 7 µB for AunGd clusters with even n are fully
from Au atoms. For Au6Gd, the local magnetic moment on
each Au atom is about 0.07 µB. In fact, Au bulk solid is known
to be weakly diamagnetic, but a great variety of magnetic phe-
nomena have been found in polymer-capped Au nanoparticles
due to the strong chemical affinity of Au atoms to the capping
molecules.[38] Moreover, recent experiments have confirmed
the existence of spontaneous magnetic moments in bare Au
nanoparticles.[39]

3.4. Electronic properties of AunnnGd clusters

To gain an insight into the origin of magnetism in AunGd
clusters, the electronic density of states (DOS) is further in-
vestigated. For comparison, the calculated total DOS and par-
tial DOS (PDOS) on Au and Gd atoms of Au6Gd, Au12Gd,
and Au15Gd clusters are presented in Fig. 5. It can be found
that the high magnetic moments of AunGd clusters are mainly
ascribed to the PDOS of Gd-4f electrons centered in the two
energy regions between −4.8 eV and −3.4 eV, and between
0.2 eV and 1.2 eV. For Au15Gd, the spin-up and spin-down
PDOSs of Au-6s and Au-5d electrons are almost identical,
indicating that the spin polarized effects from the Au-6s and
Au-5d electrons can be ignored. In the cases of Au6Gd and
Au12Gd, however, the two spin channels of Au-6s and Au-5d
electrons are not strictly symmetrical and have a slight shift
toward higher or lower energy levels, which generates the ex-
change splitting and makes a few contributions to the mag-
netism of Au6Gd and Au12Gd clusters, respectively.
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Fig. 5. (color online) Calculated curves of total and partial density of states
versus energy of ground state Au6Gd, Au12Gd, and Au15Gd clusters.
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The calculated charge density difference between Au6Gd
and Au7Gd is displayed in Fig. 6. It can be clearly found that
most electrons withdraw to the intermediate zone between the
circumambient Au atoms and the central Gd atom and transfer
to Au atoms. The delimitation of delocalized electrons oc-
curs in a finite margin around Au atoms and is cancelled out
in a certain small scope. Whereas the quantity of overall elec-
tron transfer is still small, showing the covalent metallic bond-
ing features in Au6Gd and Au7Gd clusters. The Coulomb re-
pulsion between bonding basins inevitably interfere with the
structure models, triggering the deformation of the electron
cloud.
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Fig. 6. (color online) Contours of charge density difference of Au6Gd
and Au7Gd clusters across Au and Gd atoms. Insets show corresponding
isosurfaces of charge density difference.

The calculated energy gaps between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) of AunGd and Aun+1 (n = 6–15) clusters
are presented in Fig. 7 and listed in Table 1. Generally, the
HOMO–LUMO energy gap can be used to measure the chem-
ical stability of small clusters. A big energy gap is usually
related to a high chemical stability. It can be found that pure
Aun+1 small clusters show an obvious odd–even oscillation in
their energy gaps. This phenomenon can be explained by the
electron pairing effect and also be found in pure Cun clusters
reported by Die et al.[40] After one Au atom in each of the
Aun+1 clusters is replaced by a Gd atom, the energy gaps of
the newly formed AunGd clusters are narrower than those of

Aun+1 clusters except Au12Gd and Au15Gd that may be related
to their peculiar structures in comparison with Au13 and Au16

clusters. Especially, the energy gaps of Au8Gd, Au10Gd, and
Au14Gd are close to zero. The decrease of HOMO–LUMO
energy gap implies the increase of metallic bonding and de-
crease of chemical stability of the AunGd cluster. This means
that AunGd small clusters promise to be used as new catalysts
with more reactive and even metallic properties.
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Fig. 7. Calculated HOMO–LUMO energy gaps of the ground state AunGd
and pure Aun+1 clusters.

4. Conclusions
In this paper, we have systematically investigated the

structural, electronic, and magnetic properties of AunGd (n =

6–15) small clusters by performing first-principles calcula-
tions and evolutionary simulations. Our results indicate that
the 2D-3D crossover for AunGd occurs in advance in com-
parison with pure Aun+1 clusters and the structural stability
of AunGd is significantly enhanced due to the stronger inter-
action between Gd and Au atoms. In all of the AunGd clus-
ters considered here, Au6Gd has the largest magnetic moment
with 7.421 µB due to its reduced coordination number and
higher symmetry. The calculated DOS shows that the Gd-4f
electrons are mainly responsible for the high magnetic mo-
ments of AunGd clusters, and in Au6Gd and Au12Gd clusters
the spin polarized effects from the Au-6s and Au-5d elec-
trons are not ignored and further enhance their magnetism.
In comparison with pure Aun+1 clusters, the chemical stabil-
ity of AunGd clusters with the narrower HOMO–LUMO en-
ergy gaps decreases, which indicates that AunGd small clus-
ters have promise to be used as catalysts with the enhanced
reactivity.

References
[1] Hammer B and Nørskov J K 1995 Nature 376 238
[2] Sun K J, Kohyama M, Tanaka S and Takeda S 2015 J. Energy Chem.

24 485
[3] Haruta M, Tsubota S, Kobayashi T, Kageyama H, Genet M J and Del-

mon B 1993 J. Catal. 144 175
[4] Zhang M, He L M, Zhao L X, Feng X J and Luo Y H 2009 J. Phys.

Chem. C 113 6491
[5] Lim Y T, Cho M Y, Choi B S, Lee J M and Chung B H 2008 Chem.

Commun. 49 30
[6] Wang J, Liu J, Liu Y, Wang L M, Cao M J, Ji Y L, Wu X C, Xu Y Y,

Bai B, Miao Q, Chen C Y and Zhao Y L 2016 Adv. Mater. 28 8950

083601-5

http://dx.doi.org/10.1038/376238a0
http://dx.doi.org/10.1016/j.jechem.2015.06.006
http://dx.doi.org/10.1016/j.jechem.2015.06.006
http://dx.doi.org/10.1006/jcat.1993.1322
http://dx.doi.org/10.1021/jp811103u
http://dx.doi.org/10.1021/jp811103u
http://dx.doi.org/10.1039/b810240f
http://dx.doi.org/10.1039/b810240f
http://dx.doi.org/10.1002/adma.v28.40


Chin. Phys. B Vol. 27, No. 8 (2018) 083601

[7] Gao Y, Wang B, Lei Y Y, Teo B K and Wang Z G 2016 Nano Res. 9
622

[8] Tsukamoto D, Shiraishi Y, Sugano Y, Ichikawa S, Tanaka S and Hirai
T 2012 J. Am. Chem. Soc. 134 6309

[9] Haruta M 1997 Catal. Today 36 153
[10] Hughes M D, Xu Y J, Jenkins P, McMorn P, Landon P, Enache D I,

Carley A F, Attard G A, Hutchings G J, King F, Stitt E H, Johnston P,
Griffin K and Kiely CJ 2005 Nature 437 1132

[11] Shekhar M, Wang J, Lee W S, Williams W D, Kim S M, Stach E A,
Miller J T, Delgass W N and Ribeiro F H 2012 J. Am. Chem. Soc. 134
4700

[12] Nakaso K, Shimada M, Okuyama K and Deppert K 2002 J. Aerosol
Sci. 33 1061

[13] Arcidiacono S, Bieri N R, Poulikakos D and Grigoropoulos C P 2004
Int. J. Multiphase Flow 30 979

[14] Han M Y, Gao X H, Su J Z and Nie S 2001 Nat. Biotechnol. 19 631
[15] Vilhelmsen L B, Walton K S and Sholl D S 2012 J. Am. Chem. Soc.

134 12807
[16] Piotrowski M J, Piquini P and Da Silva JLF 2010 Phys. Rev. B 81

155446
[17] Yang A P, Fa W and Dong J M 2010 J. Phys. Chem. A 114 4031
[18] Yang H W, Lu W C, Zhao L Z, Qin W, Yang W H and Xue X Y 2013

J. Phys. Chem. A 117 2672
[19] Hu C H, Chizallet C, Toulhoat H and Raybaud P 2009 Phys. Rev. B 79

195416
[20] Zorriasatein S, Joshi K and Kanhere D G 2008 J. Chem. Phys. 128

184314
[21] Chen M X and Yan X H 2008 J. Chem. Phys. 128 174305
[22] Rodrı́guez-Kesser P L and Rodrı́guez-Domı́nguez A R 2015 Comput.

Theor. Chem. 1066 55

[23] Yadav B D and Kumar V 2010 Appl. Phys. Lett. 97 133701
[24] Oganov A R and Glass C W 2006 J. Chem. Phys. 124 244704
[25] Lyakhov A O, Oganov A R, Stokes H T and Zhu Q 2013 Comput. Phys.

Commun. 184 1172
[26] Oganov A R, Chen J, Gatti C, Ma Y, Ma Y, Glass C W, Liu Z, Yu T,

Kurakevych OO and Solozhenko V L 2009 Nature 457 863
[27] Hu C H, Oganov A R, Zhu Q, Qian G R, Frapper G, Lyakhov A O and

Zhou H Y 2013 Phys. Rev. Lett. 110 165504
[28] Zhou X F, Dong X, Oganov A R, Zhu Q, Tian Y and Wang H T 2014

Phys. Rev. Lett. 112 085502
[29] Bhattacharya S, Sonin B H, Jumonville C J, Ghiringhelli L M and

Maron N 2015 Phys. Rev. B 91 241115
[30] Blochl P E 1994 Phys. Rev B 50 17953
[31] Kresse G and Furthmüller J 1996 Phys. Rev. B 54 11169
[32] Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev. Lett. 77 3865
[33] Assadollahzadeh B and Schwerdtfeger P 2009 J. Chem. Phys. 131

064306
[34] Li X, Kiran B, Cui L F and Wang L S 2005 Phys. Rev. Lett. 95 253401
[35] Gao Y, Chen L, Dai X, Song R X, Wang B and Wang Z G 2015 RSC

Adv. 5 32198
[36] Fernández E M, Soler J M, Garzón I L and Balbás L C 2004 Phys. Rev.

B 70 165403
[37] Gao Y and Wang Z G 2016 Chin. Phys. B 25 083102
[38] Tuboltsev V, Savin A, Pirojenko A and Räisänen J 2013 ACS Nano 7
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