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1. Introduction

We discuss the possibility of a superconducting transition in island films of noble metals, in
particular gold, on a semiconductor substrate. As is well known, bulk superconductivity is
absent in noble metals, but, in this case, superconductivity may be possible due to the surface
states. Such states are well studied for the noble metal-vacuum interface and arise from the
peculiarities of the spectra of such metals near the L-point of the Brillouin zone. Similar states
should also occur at the metal-semiconductor interface. In the latter case, the interaction of
electrons leading to Cooper pairing can be provided by bosonic surface excitations of both
phonon and collective electron nature at the metal-semiconductor interface. The interaction
with surface phonons is effective at low energies, while, at energies of the order of Ev (the
Fermi energy of the surface band), the electron—exciton interaction becomes predominant, the
optimal conditions for the latter arise at close values of the penetration depths for electrons
and excitons, both in the metal and in the semiconductor. We argue that the superconducting
transition in such island films should be governed by a phonon mechanism, although not similar
to the Bardin—Cooper—Schrieffer (BCS) one, but that non-phonon interactions also play a
significant part, providing a BCS-like contribution into the equation for the superconducting
gap. Recently, there have been reports on the experimental observation of superconductivity
at almost room temperature in Au—Ag nanostructures. In our opinion, the role of silver in
these structures, due to the difference in electronegativity, is reduced to the role of an electron
donor to the surface states associated with Au, which increases the value of Er and leads to
an increase in the BCS-like contribution of the non-phonon interactions.
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phenomena related to the quantization effects in gold
nanoparticles and the heating of electron gas in gold

The authors would like to dedicate this paper to
the memory of two outstanding theoretical physi-
cists who passed away in recent years, Petro Mykhai-
lovych Tomchuk and Ernst Anatolievich Pashitskii.
P.M. Tomchuk, starting with his pioneering work at
the Institute of Physics of the National Academy of
Sciences of Ukraine (see e.g., [1, 2], also [3] and ref-
erences therein), repeatedly turned to the theoreti-
cal analysis of various experimentally observed exotic
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island films in external fields. E.A. Pashitskii, who
also devoted his entire life to the Institute of Physics
of the NAS of Ukraine and who had outstanding re-
sults in the field of non-phonon models of supercon-
ductivity, in particular the high-temperature one, as
well as in the theory of low-dimensional systems, was
our teacher and longtime collaborator. In our present
work, we also attempt to explore the possibility of the
existence of rather unusual superconducting proper-
ties of gold island films. Interestingly, the only joint
publication by P.M. Tomchuk and E.A. Pashitskii [4]
dealt with hypothetical possibility of non-phonon su-
perconductivity in thin film of degenerated semicon-
ductor decorated with arbitrary metal nanoparticles.

Lately, there have been reports [5, 6] on the ex-
perimental observation of superconductivity at near-
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room-temperature in Au—Ag nanostructures. In the
previous experiments, summarized in [5], signatures
of superconductivity (such as sharp drops in resistiv-
ity influenced by magnetic field) were observed in a
rather rare cases among a lot of fabricated specimens,
with highly divergent values of T, which varied dur-
ing thermocycling, and where very unstable at ambi-
ent conditions.

However, in the last report [6], an improved tech-
nology of atmospherically stable Au—Ag mesoscopic
thin film deposition was proposed, with the claim of
the repeated near-ambient values of T, with moder-
ate scattering. The essential step in this technology is
the chemical deposition of some ion-conducting metal
oxide layer with consequent implantation of Ag™ ions
and thermal deposition of Au nanoparticles of the or-
der of 10 nm in size, forming a thin island film. In
the case of thicker (continuous) films, there was no
evidence of superconductivity, as in the case of bulk
noble metals.

Such a mysterious phenomenon motivated us to
theoretically investigate the possibility of Cooper-
pair superconductivity in the nanoparticle surface
states associated with the band structure of the noble
metals.

2. Surface States

The schematic representation of the noble metal
Fermi surface (FS) in the face-centered cubic first
Brillouin zone (BZ) is shown in Fig. 1. In vicinities of
the L-points (the regions of hyperbolic equal-energy
surfaces or “necks” of the F'S), the effective mass in the
direction normal to the BZ edge is negative. On the
other hand, there is a band gap for the bulk electron
states in the I'— L direction due to s—p hybridization,
where the surface electron states can emerge.

The surface electron states were predicted by
Tamm as early as in 1932 [7] and, since then, were ob-
served experimentally by angle-resolved photoemis-
sion for various noble metals (see, e.g., [8-10]). Their
existence can be explained by a simple model in
the effective mass representation illustrated in Fig. 2,
where the (111) surface of the noble metal is described
by a rectangular potential barrier U. The periodic po-
tential inside the crystal is converted into an effective
mass tensor,

m” 0 0
0 mH 0 s (1)
0 0 —m,
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Fig. 1. The first Brillouin zone (a) and the Fermi surface (b)
in the tight-binding approximation for a metal with fcc crystal
structure

where z direction is chosen along the normal to the
interface. On the other side of the interface, the mass
is assumed to be isotropic and equal m.

In this case, for the electronic wave function, we
have the usual requirement of its continuity at the
interface,

¥ (z = —0) =9 (z = +0), (2)

while the second boundary condition, the continuity
of the derivative of the wave function, is replaced
in the case of the effective mass approach by the
so-called BenDaniel-Duke condition [11], stemming
from the requirement of the continuity of the proba-
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Fig. 2. The potential barrier, associated with the interface
(a) and the wave function on both sides of the barrier (b)
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If we take the wave function on the sides of the energy
barrier U to be exponentially decaying away from the
boundary,

Yroce®, gy oce” P, (4)

then the Schréodinger equation gives us

2
ki

2
i :E:ﬂ_ﬁ
QmH

2m, 2m  2m

+U, (5)

where F is the energy of the quasiparticle and k| —it’s
quasimomentum parallel to the interface, and with

71 2
=12 6
m, m’ (6)

which is the consequence of (3), we obtain the dis-
persion of the surface band:

kﬁ m m
_ Z1. 7
+ 2m, (m| + m)] (™)
In the case of a noble metal surface in vacuum,
the existence of electronic surface bands has been
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B (k) =

firmly established experimentally by angle-resolved
photoemission spectroscopy. Experimental data, il-
lustrating the surface band dispersion (7), may be
found, for example, in Fig. 11 from [8], where the sur-
face states were investigated for the copper (111) sur-
face. It should be noted that the above crude model,
where the step potential barrier is determined by the
metal’s work function W (U = W + Ep — Er) with
W (5.0+£0.2) eV and (Er — Er) =~ (0.8 £0.1) €V,
m, =~ (0.3+0.05) - m for copper [8] and gold [10]
(111) surfaces, greatly overestimates in (7) the split-
ting of the surface band bottom from the bulk state
in the L-point (for quantitative estimates at least the
image-force potential must be taken into account),
but gives a correct qualitative estimate of the depen-
dence on all the parameters. Surface electronic states
can also exist on some other surfaces of noble metals—
see, e.g., [12] and Fig. 3 therein, showing projections
of the gold 3D BZ on several planes, such as (111),
(100), (110), and (112), and respective 2D BZs, with
shaded regions representing the areas of existence of
surface states. Contrary to the (111) case, when filled
surface states are located in the centrum of the 2D
BZ, for all other cases, surface states appear near the
edges of the respective 2D BZs. However, below, all
evaluations will be performed for the (111) surface.

3. Superconductivity
on Surface States. Bosons Mediating
Electron—Electron Interaction

The problem of surface or interface superconductiv-
ity has a rather long history. The idea of supercon-
ductivity (SC) in the Tamm surface states was pro-
posed by Kirzhnits and Ginzburg [13] within the
usual Bardeen—Cooper—Schrieffer (BCS) scheme, but
with surface phonons and the 2D density of electron
states. Then Ginzburg [14,15] and Allender, Bray and
Bardeen [16] paid attention to the excitonic mecha-
nism of SC, but for the bulk states, reflected from the
metal-semiconductor interface. The plasmonic mech-
anism was considered by Pashitskii [17] for the in-
terface of two semiconductors—one with degenerate
light electrons and the other with heavy holes.

Here, we assume that a gold nanoparticle has an
interface with some non-degenerate n-type semicon-
ductor with positive effective mass, satisfying the con-
dition of the existence of interface electron states,
and consider bosonic interface states, possible in
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this case and necessary for the emergence of attrac-
tive electron—electron interaction. These are acoustic
phonons of Rayleigh type (at the surface) or Stoneley
type (at the interface), normally polarized with re-
spect to the surface (the interface), consisting of the
longitudinal (I) and transverse (t) parts (linked by
the boundary conditions of the stress and displace-
ment tensors’ continuity) and having the respective
penetration depths [18]:

N , w \2 —1/2
-l ("
It

where sliﬂf are the sound velocities of the bulk [ and
t waves in medium for z > 0 (+) and z < 0 (—),
respectively.

At higher frequencies there are interface p-
polarized polaritons of the optical phonon type and
of the exciton (or hybridized plasmon—exciton) type
with [H| ~ (w/qc) |E| (here w and ¢ are the frequency
and momentum of the bosonic excitation, and c is the
frequency of light). Let us estimate their spectrum
in the simplest approximation. It can be deduced in
the important short wavelength (with respect to gq))
region, where magnetic field may be neglected in a
quasistatic approximation

2
q2zqﬁ+tﬁ:(%) -0 (¢ <0), (9)

from the single Maxwell equation for the electric dis-
placement field div D = 47p with the boundary con-
dition D — D, = 47 o = 4meng, where p and o are
the 3D and 2D charge densities, respectively. If we
assume additional boundary condition of free inter-
face (with zero oscillations of the bulk electron state
density on it) then ny is solely determined by the
small deviation from the equilibrium density d N, of
the surface electron states. If we also assume isotropic
dielectric function in both media D* = ¢*E* and ne-
glect dissipation and bulk (quadratic in ¢) spatial dis-
persion in semiconductor, the dispersion of the qua-
sistatic surface excitations is determined from the fol-
lowing equation:

4me?Nyq
+ -0 - 5 0) = 4l 10
" (w,g—=0)+¢ (w,q—0) ol (10)
Here
_ w2
13 :1—E, (11)
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with w,, being the bulk plasma frequency of gold, and

5+:sm+21 %

i B (12)

j=1,2 - :jigj + ’Léjwigj
where j = 1 stands for the optical phonon (only
one is assumed for simplicity) and j = 2 for the
electron-hole exciton, wp; and «; are the frequencies
of the bulk transverse excitations and their oscilla-
tor strengths, respectively, €., is the high-frequency
(w > wo;) limit of e*, and m is the effective mass of
the surface electron state. For the simple model given
above (see (7)), we have

m - (m+my) (13)

M _m||m2—|—m” m
The penetration depth of these surface excitations
is determined by the imaginary z-component of the
wave vector and equals approximately A, = |qz|_1
~ q”_1 (see (9)).

Let us estimate what kinds of excitations on a
semiconductor—gold interface may contribute to the
Cooper pairing. Their frequencies must be less than
the Fermi energy of interface electron states. Ob-
viously, these are interface acoustic excitations of
Stoneley type mentioned above and interface opti-
cal phonons with negligible bulk spatial dispersion,
well separated from higher electronic excitations for
wo1 < wo2, wp and possessing frequency (see (10)):

~
~

« W2
w1 %Wm( —% ) (14)
203 (a))
where )
4me” N,
wp (1) =« (1 + = q|)~ (15)

Here, bulk frequency w, ~ 2.5 eV for gold, and we
assume wp; ~ 0.05 eV and wg2 ~ 2 eV for semicon-
ductor. The Fermi energy of the surface (111) states is
near 0.45 €V for copper [8] as well as for gold [10]. But,
in the case of interface states, if the bottom of semi-
conductor conduction band is much closer in energy
to the Fermi level than the vacuum work function,
the splitting of the bulk and interface electron states
in the L-point should be, according to (7), also much
smaller than in the free surface case (of the order
of 0.1 eV). On the other hand, higher electronegativ-
ity of silver may be the cause of electron doping of
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Fig. 3. Superconducting gap dependence on the interaction
constant A\ according to (19), with vV5/Q = 0.01 and w/Q =
= 0.01 (solid curve), and the usual BCS gap dependence on A
(dashed curve)

gold nanoparticle due to the contact with silver ones,
which, in turn, should increase the Fermi level in the
former. These two factors (lowering of the band bot-
tom and rising of the Fermi level) may increase Fermi
energy of interface states up to the values <1 eV.

As to the bosonic interface excitations of collective
electronic nature, there are two hybridized plasmon—
exciton branches (labeled 2,3 below), separated from
optic phonon solution (labeled 1) of Eq. (10):

1 (&%)
wg,?’:i [w%z (1+1+€ )-l—

402 (q)) - w3,

@y (q1)
1+es

X

X [1£ |1—
2 az 53(a) ]’
(I+eco) |Wia (1+1+aoo) Ttew
(16)

where )
- 4me* Ny
@y (@) = wp (1 +arwhy + ——— q|>- (17)

S

The upper branch ws (sign “+” in (16)) is always
higher than bulk transversal exciton frequency wge
and is not interesting from the pairing possibility
view, while the lower branch ws (sign “—”) for a rea-
sonable range of parameters (g0, &~ 10+20, as =~
~ 2-3) may be less than the Fermi energy of the
interface electron states (wy &~ 0.7+0.8 ¢V) and can
contribute to their Cooper pairing. We can see from
(10)—(12) that 2D electron states on the metal sur-
face/interface do not support their own low-frequency

714

plasmon with characteristic square-root dispersion
(contrary to the case of a conducting 2D system sand-
wiched between two dielectric media), but contribute
to the linear spatial dispersion of the optical phonon
and hybridized plasmon—exciton interface waves.

4. Dimensional Quantization
and Superconductivity on Surface States

As mentioned in the Introduction, the motivation for
this work came from superconductivity measurements
performed on island films, so, we need to consider
the effect of dimensional quantization in nanoparti-
cles. If the nanograins had a regular spherical shape,
they would have a set of discrete quantum levels. The
energies of the levels with orbital quantum numbers
1 = n would be roughly proportional to n?, with 2n+1
degeneracy. The theory of such finite Fermi systems,
including the problem of their superconducting prop-
erties, was developed by A.B. Migdal [19]. In a more
realistic case of a flattened spheroid, the degeneracy
of the energy levels is lifted, but the density of states
has sharp maxima determined by the characteristic
sizes in the system.

The typical size of the Au particle is about
10+15 nm, which gives the lower limit of the wave
vectors and frequencies of the bosonic modes men-
tioned above. The upper limit of the relevant mo-
menta for surface states is determined by the diame-
ter kmax ~ 0.5 A1 of the “neck” of the FS. In the case
of Au—Ag experiment, the role of Ag with higher elec-
tronegativity may consist in the doping of electrons
and filling of higher energy levels in Au nanoparticles.

Let us assume that the energy interval w between
the highest partially filled level and all other filled
levels is larger than kpax - s, where s is the Stoneley
wave velocity at the gold—semiconductor interface. In
this case such a level makes a separate contribution
to the equation for the superconducting gap, which in
the first approximation may be written in the form:

(18)

N
A:VV+)\/7d,
ot ere

where A is the superconducting gap at zero temper-
ature, ) is the energy scale of the electron—boson
interaction, V|, represents interaction of electrons on
the separate level (with degeneracy v) with acoustic
phonons of Stoneley type, while the sum, correspond-
ing to the contribution of the deeper levels may be
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represented as a BCS-like integral with effective in-
teraction constant A describing the electron—phonon
as well as electron—exciton interactions in these lev-
els. This equation may be rewritten in the form

0(1—Aln 1rvort1” il -
s+ +a22|)  QF

where § = A/Q and x = w/<Q.
The solution of the equation (19) is shown in
Fig. 3 (the parameters for the plot were chosen in
accordance with discussion at the end of this sec-
tion). Here, due to the existence of a separate highest
partially filled energy level, the superconducting gap
A (and critical temperature T.) for small values of
A is finite, contrary to the usual exponential depen-
dence of BCS. Within the same crude model that led
to (18), the critical temperature 7. may be approxi-

mated as:
1 VVQ

zil—a-)\ln(%)’

(19)

T. (20)

where o =~ 1 is weekly dependent on w. The man-
ifestly non-BCS 2A/T, ratio according to (20) and
(19) is shown in Fig. 4.

The electron—phonon interaction has the following
form (see e.g. [20]):
% — k2 EQ/MSQ’

max*=—

(21)

where = is the matrix element of the deformation po-
tential, M is the atomic mass and s is the sound ve-
locity. Interaction Vy may be quite large in this case,
since it is determined by the acoustic mode, whose
velocity squared enters the denominator of the ex-
pression for the corresponding interaction constant.
For the surface phonons, this velocity should be lower
than even the transverse bulk sound velocity, while
the deformation potential should be of the same or-
der of magnitude as for the longitudinal bulk modes
[21]. Other interactions V; are determined by the hi-
gher-energy modes, such as interface optical pho-
nons and hybridized plasmon-excitons, and the cor-
responding interaction constants enter the expression
for the gap and critical temperature through the ef-
fective interaction constant A\, which includes also the
effective density of states, corresponding to the low-
lying levels.

The estimates of kna.x - s, as well as of the 2D-
electron level splitting w, give a few millielectronvolts
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Fig. 4. The 2A/T. ratio according to (20) and (19) with
vVo /2 = 0.01 and w/Q = 0.01 in function of the interaction
constant A, for @« = 1 (solid curve) and o = 1.14 (dashed
curve), and the usual BCS double gap to T, ratio =~ 3.52 (dot-
ted line)

(tens of K), while for © = ws (g = kmax) (see (16))
we have Q ~ 0.7+0.8 V. So, according to (20), the
intrinsically phonon, though non-BCS, mechanism
of superconductivity may be significantly enhanced
by the non-phonon BCS-like one, even for relatively
small values of A = 0.1.

5. Conclusions

We have shown that the dimensional quantization of
the surface states can significantly change the char-
acter of the Cooper pairing near the interface of
the metal with dielectric or semiconductor. The criti-
cal temperature of superconducting transition in this
case should be proportional to the interaction con-
stant of the 2D electrons with the interface acoustic
modes of Stoneley type. The high-frequency modes,
such as interface optical phonons and hybridized
plasmon-excitons, may appreciably enhance T, but
their contribution can be described within the BCS-
like approach.

It should be noted that, if the Fermi level is close
enough to the conduction band of the semiconductor,
the penetration depth of the surface electronic wave
function may be large enough to ensure percolation
between the nanoparticles, with the establishment of
superconducting state in the whole island film. Such
a situation may emerge in the experiments mentioned
in the Introduction due to the doping of electrons by
the Ag nanograins to the Au islands.

We would like to express our gratitude to A.L. Ka-
satkin for useful suggestions concerning the subject
of this work and to LS. Gandzha for drawing our
attention to the paper [4] by E.A. Pashitskii and
P.M. Tomchuk.
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PO MOXKJIMBICTb

KVIIEPIBCBKOI'O ITAPYBAHHZ

I HAAITPOBIAHOCTI B IIOBEPXHEBIX
30HAX BJIATOPOJHUX METAJIIB

OOroBOPIOETHCST  MOXKJIMBICTH HAJIIPOBIJHOTO TIEPEXOAy B
OCTPIBIIEBUX IIJIIBKaX OJIArOPOJHUX METAaJIiB, 30KpeMa 30JI0Ta,
Ha HAIIBIPOBIIHUKOBIH migkiaauaIi. K BitoMo, 06’eMmHa HaI-
NPOBiIHICTD y GJIANOPOIHUX MeTaJIiB BiJCYyTHSI, ajle B I[bOMY
BUIIAJKY HAIPOBIIHICTE MOXKJ/INBA 3a PaxXyHOK IOBEPXHEBUX
craniB. Taki cranu mo0pe BUBYEHI st MexKi OJaropoiHuii
MeTaJ-BaKyyM 1 BHHHKAIOTb 3 OCOOJIMBOCTEN CIEKTPIB TaKUX
MerasiB mobausy L-touku 3ouu Bpimmoena. Iloxibui cranu ma-
JOTh BUHUKATH 1 Ha MeXXi MeTasI—HalliBIpOBigHUK. B ocTtaHHbBO-
My BHUIIQJIKy B3a€MOJisl €JIEKTPOHIB, 110 NPUBOAWTH IO KyIle-
PiBCHKOIO IapyBaHHs, MOXKe 3abe3redyBaTucsi O030HHUMH I10-
BEPXHEBUMU 30yJ/XKEHHAMU K (DOHOHHOI, TaK 1 KOJEKTUBHOL
€JIEKTPOHHOI IPUPOAU Ha MeXKi MeTaJI-HalliBIpOBigHUK. B3a-
€MOJIisT 3 ITOBEPXHEBUMH (POHOHAMHU e€(PEKTUBHA 32 HU3bKUX
eHepriit, Toxi sik 3a eHepriii nopsinky Er (enepris ®@epmi no-
BEPXHEBOI 30HM) IIEPEBAarKa€ €JEKTPOH—-EKCUTOHHA B3aEMOJidd,
ONITUMAJIbHI yMOBH Jjisl SIKOI BUHHMKAIOTHb 33 OJIU3bKUX 3HaA-
YeHb TVIMOWH NPOHUKHEHHS €JIEKTPOHIB 1 €KCUTOHIB, K B Me-
Taji, TaK 1 B HamiBOPOBiIHUKY. Mu cTBep/KyemMoO, IO HaJ-
NpOBimHMY mepexis y TaKuX OCTPIBIEBHUX IUIBKax Mae BigOy-
BaTHUCSA 3a (POHOHHUM MeXaHi3MOM, XO4da W He MOAIOHUM 10
mexaniamy Bapaina—Kynepa—IlIpidbdepa (BKII), ame cyrre-
BY DOJIb BiJirpaioTh TakKOK He(MOHOHHI B3aeMOZil, siKi JalTh
BKIII-rroniGHuit BHECOK y PIBHSHHS [IJIs1 €HEPreTHYHOI IIIJIMHH.
HemonaBuo 3’siBuitiCs TOBiIOMJIEHHS IIPO €KCIIEPUMEHTAJIbHE
CIIOCTEPEXKEHHs HaJIIPOBITHOCTI 3a Mail>ke KiMHATHOI TeMIle-
paTypu B HanocTpykTypax Au—Ag. Ha mamry nymky, poss cpi-
OJia B IIUX CTPYKTypaX, 3aBJSKU PI3HHI[ €JIeKTPOHEraTUBHO-
cTell, 3BOIUTHCS 710 POJIi JIOHOPa €JIEKTPOHIB JIO0 TIOBEPXHEBUX
craniB, noB’a3anux 3 Au, mo 36iabmye Besmuuny Eg i npu-
BoauTh s10 3poctanHs BKIII-noxibHoro BHECKY HepPOHOHHUX
B3a€MO/Tiit.
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