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Polarizability of Small Metal Particles: “Weak Localization” Effects
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It is shown that the static electric polarizability of a system of isolated small metal particles is
sensitive to magnetic and spin-orbit interactions. This quantity grows with a magnetic field. Although
the increase is typically not very large, its experimental observation seems to be feasible. The
calculation is performed by taking into account the Coulomb interaction which leads to screening the
external electric field. The supersymmetry technique combined with the random phase approximation
is used.

PACS numbers: 73.20.Fz, 05.45.+b, 73.20.Dx

Effects of weak localization attract considerable atten- 9@ = @/ag — 1 = AM7A, M = §/4mwkV,
tion in the study of disordered metals [1]. These effects —4, model I, )
arise from interference of wave functions of conduction Ao =172, model Ila,
electrons and are very sensitive to changing the magnetic —1, models IIb, III,
field, temperature, and other physical parameters whicyhere, as in Ref. [6], model | corresponds to a system
makes them very interesting from the experimental poinwithout magnetic or spin orbit interactions (orthogonal
of view. Recently, similar phenomena have been observegnsemble), model lla can be obtained from the model
in ballistic mesoscopic structures [2] . An increase of the by applying a magnetic field, and models Ilb and
average conductance with increasing magnetic field sean correspond to systems with magnetic and spin-orbit
experimentally is in agreement with theoretical results obimpurities, respectively.
tained with a semiclassical analysis [3], random matrix the- Equation (2) is explicitly derived for particles with a
ory [4], and nonlinear supermatrix model [5]. shape close to a sphere or disk. In the latter case the

In the above situations, the weak localization effectslectric field is assumed to be directed perpendicular to
show up in quantities related to a macroscopic electromhe disk. The parametet$ and V stand for the surface
motion through the system which is inevitably open duearea and the volume of the particle, respectively—
to leads attached to the sample. But what can happen in@z¢21)!/2 is the Fermi-Thomas screening wave vector,
closed sample? Of course, one cannot speak about a cop= p( /272 being the density of states at the Fermi
ductance because the system is macroscopically dielegurface (p, is the Fermi momentume and m are the
tric. In this case, the relevant quantity characterizing thelectron charge and mass). Equation (2) also contains the
system is the electric polarizability which determines mean free timer of the elastic electron scattering and
the total dipole momend arising in an external electric the mean level spacingg = (»V)~!. The quantityay is

field E the classical polarizability which is equal to
_ . = ak. @) , _ R3(1 = 3/Rky), sphere ,
For this physical quantity, one can ask the same question 0 = Sa(dm) (1 - 2/ak,), disk, ©)

as for the conductance of an open system. Does the polar-
izability & depend on the magnetic field, concentration ofwhereRr is the radius of the sphere aands the thickness
magnetic or spin-orbit impurities? It is not a trivial ques- of the disk.
tion because the static polarizability is a thermodynamic The quantityd« in Eq. (2) describes the first quantum
quantity while the above weak localization effects are ob-correction to the classical polarizability. The small di-
served in kinetics. To the best of my knowledge, such anensionless parameteA characterizes the level mixing.
problem has not yet been addressed. Electrons in the particle interact with a local electric field
In this Letter, | present results of the calculation ofwhich is essentially different from zero only near the sur-
the average polarizability of an isolated metal particle face. This is the reason whya contains the factoM.
assuming that the electron motion is chaotic. This carmhe values ofi, are quite funny, but | do not see any deep
be due to either impurities inside the particle or aphysical reason for the doubling when changing from the
nonideal shape of the surface. It is shown below thamodels IIb, Il to the model lla and from the model lla
the polarizability is really dependent on the symmetryto the model I. As is seen from Eg. (2), applying the
ensemble (orthogonal, unitary, and symplectic) and camagnetic field leads to an increase of the polarizability.
change with, e.g., a magnetic field. The final result This phenomenon is reminiscent of the suppression of the
obtained can be written in a rather simple form weak localization discussed in Refs. [1-5] and is related
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to a partial destruction of the interference of wave func-n the metal. Generally speaking, it is not possible to treat

tions by the magnetic field. systems with interaction using the supersymmetry tech-
The above effect was not noticed by Gorkov andnique, but what we need now is only to properly consider

Eliashberg (GE) in their pioneering work [7] where they the screening, and this can be done in the simple random

suggested to use for a description of the small metaphase approximation (RPA).

particles level-level correlation functiong(x) obtained Within this approximation one should know the

from the Wigner-Dyson random matrix theory (RMT) [8]. density-density correlation functiol , (r,r’). Formally,

Although later these correlation functions were derivedt is a loop consisting of two Green functions with the

microscopically using the supersymmetry technique [6]energy differencew. The functionII, (r,r’) contains

no microscopical derivation of the polarizability has both the large classical contributidiiy(r, r’) and a small

yet been done. The latter quantity is determined notontributionII,, (r,r’) describing interference effects

only by the energy levels but also by wave functions. N / ~ /

Knowing the functionsk(x) only, one cannot derive the [I(r,r') = o(r,r) + Ho(r,r’). (4)

polarizability. [In fact, it is not clear how to do this within Introducing an effective electrostatic potentilr), one

RMT, and GE did not even try to calculate quantumcan write a closed system of equations for the dipole

corrections to the static polarizability being concentratednomentd in the external electric field

on the frequency dependent part which they could express

under some assumptions through the functigns).] d=d, +d,d, = —ezf rlly(r,r)®(')dr’, (5)
The supersymmetry technique is an adequate tool

for calculations of different physical quantities, and the T 2] ~ / / /

derivation of Egs. (2) and (3) is done using this method. dE =e )L, (r, ) (r)drdr’. (6)

As has been mentioned, the static polarizability is aquations (5) are written in the linear approximation in
thermodynamic quantity. At the same time, the nonlinear], The effective potential (r) satisfies the equation

o model is obtained from the dynamic linear response

theory [6]. Nevertheless, provided all energy levels are AD = 47732] o(r, r)®(r)dr’, 7)
discrete and nondegenerate, the static susceptibility is

equal to the dynamic one taken in the limit— 0, where  whereA, is the Laplacian, with the boundary condition

o is the frequency, and one can use thenodel.

The conventional susceptibility usually calculated
within the supersymmetry technique is the response to th€he potentiald(r) as well as its spatial derivatives must
local electric field which decays in the bulk while the po- be continuous everywhere, and the paint0 is assumed
larizability « determines the dipole moment as a functionto correspond to the center of the metal particle. The
of the external field. To calculate the latter quantity onefunctionsIly(r,r’) andI1, (r,r’) can be written in terms
must take into account the Coulomb interaction betweemnf the retardedGX(r,r’') and advanceds4(r,r’) Green
the electrons leading to the screening of the electric fiTeI(ﬂunctions in the standard form [9]

®(r) — —Er, as|r| — .

o) = 55 5 [ w0008 0,)GEG,3) = G, ¥IGE, ' e, @®)

277 g

Im,(r,r) = —L. Z ][n(s — o) — n(e)KGR(y,yGA_,(y/,y))de, 9)

2 g

where the angular brackets stand for averaging over To perform averaging in Eg. (9) one should use the
impurities or the shape of the particle,= (r,o), ande  supersymmetry technique [6]. Reduction of the average of
is the electron spin. two Green functions in Eq. (9) to an integral o\&ix 8
Formally, the validity of RPA is justified ik, << po.  supermatrice® is standard [6]. Similar transformations
Although in good metals, ~ py, RPA can still work for a current-current correlation function were done, e.g., in
very well. The usual procedure is to calculate everythingRef. [10]. In the limitw < E., whereE. ~ D/R? is the
assuming formally thak, << po and use real values of Thouless energylf is the classical diffusion coefficient),
the parameterk, and p, at the end. the nonlinearr- model becomes zero dimensional (0D).
Following this logic, Egs. (5)—(7) can be considerably Sometimes, when deriving the 0B model it is im-
simplified. The potentiakb(r) varies at distances; !,  portant to integrate out nonzero harmonics@finstead
whereasIIy(r,r) at po'. Averaging in Egs. (8) and of simply neglecting them. In a good metal, the nonzero
integrating overe, we see that in Egs. (5) and (7) one harmonics can be treated perturbatively, and their con-
can make the substitutiobly(r,r’) — 2v8(r — r/) and tribution can be taken into account without difficulties.
come to equations of classical electrostatics. For examplés a result, the quantum pait of the dipole moment
Eq. (7) reduces to the Poisson equation. can be written in terms of a definite integral over the
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supermatriceg) which do not vary in space Alwm/A), where the functiom(x) should be taken from
d = A(w)(B, + BE, (10) Ref. [7] (with some misprints corrected in Ref. [13]).
Thus, Eq. (2) can describe also low-frequency optical
properties providing the correct value of oscillations due
to the discreteness of the energy levels.

2 The “weak localization” effects considered above can
) be studied experimentally applying a magnetic field.
Increasing the field, one changes from the orthogonal to
(12) unitary ensemble which leads, according to Eq. (2), to a
where e and k. (r) are nonzero eigenenergies and eigengrowth of the polarizability. To observe the change of the
functions of the Laplacian witNi.(r) = 0 at the surface. polarizability one can put a system of the isolated metal

E’B, = €2V(TA/7T)f ®%(r)dr, (11)

[ ho () D (r)dr

E’B, = €2V(A/7TD)Z e !

The functionA(w) has the form clusters into a capacitor and measure the change of the
. — capacitance. The dielectric permeabiliyof the system
Alw) = (ima /M1 = (033050 (053030l caﬁ be written in a simple forFr)n ¥ g
o (13) € = e,(1 + dmaf/V), (15)
where(.--)o stands for averaging with the free energy o €, is the permeability of the supporting medium,
Fo[Q] = il(0 + i8)m/A]STrAQ, (14)  and f is the fraction of the volume occupied by the

and all the notations are the same as in Ref. [6]. Thé&lusters. _ _

minus sign in front of the third term in Eq. (13) relates With Eq. (2), the change of the capacitarf€ is

to the orthogpnal ensemble whereas a plus sign sta_l_nds forsc = c(»)/c(0) — 1 = DMTABF(1 + bf)"', (16)
the symplectic one. The structure of the supermariis . , .

such that the third term is zero for the unitary ensemble!VhereC(#) is the capacitance as a function of the mag-

In models Ilb and Ill, the spin degeneracy is lifted andnetic field,b =3 for the sphere, and =2 for the disk.
one should properly substitute by A /2. Although the screening of the external electric field is

The term B, can be obtained just by neglecting all V&Y important, this effect has not always been consid-
the nonzero harmonics whilB, arises after integration €red properly. In Ref. [7] the local field was assumed to
over them. If the screening were not important oneP€ €qual to the external one, and the polarizabiitwas
would substitute in Egs. (11) and (1®)r) — —Er. The identified with the local susceptibilitg V which is (k;R)?
calculations in Ref. [7] and recent work [11] were done intimes larger. This mistake was corrected in Ref. [12],
this way. Within such a treatment the raBie/B, is ofthe ~ Where the value ot Eq. (3), was derived and gener-
order(R/1)?, wherel is the mean free path. If the particle alized for very small sizes of the cluster. In a Iat_er work
is dirty, the termB, in Eq. (10) can be neglected, and the [13] the frequency dependent part of the polarizability was
calculation of Ref. [11] reproduces the result of Ref. [7]. calculated, and the authors tried to take into account the

However, the screening cannot be neglected [12,1 creening. However, they used a formula which could
because the parameteyR is usually large. To consider P& correct only for dielectric clusters with a homogeneous
the screening properly one should solve Eg. (7) andglectric field inside them. Using such formulas, one comes

. _1 . -
substitute the solution fob(r) into Egs. (5), (11), and O the valuesC ~7Ax™". The quantity is of the order
(12). The potential®(r) has, in fact, already been of (k;R)* and so, such a value féC is k,R times smaller

found for a sphere and film in Ref. [12], and one hasthan that obtained in the present article. ,
to compute only the remaining integrals. The potential Now, let us estimate the value of the effects considered

®(r) is essentially different from zero in a narrow layer @00Ve for some realistic systems. For copper, one has
with the thicknesg ! near the surface, and this simplifies 70 = 1.5 X 10° cm. Assuming for a rough estimate that
the evaluation of the integrals. Remarkably, the ternf — R one obtains for particles with the radifis= 50 A
B, acquires an additional factdk,R)~! with respect to [1+ 3f)116C = 2(poR) 3 /porg = 4.2 X 107,
the termB; and can therefore be neglected for realistic
parameters characterizing the metal cluster. 17)
The integrals ovep in Eq. (13) can be calculated for whererp is the Bohr radius.
an arbitrary frequency. To get the thermodynamic polariz- Equation (17) gives a rather small value ofC.
ability one should take the limib — 0. In this limit both  However, even smaller changes of the capacitance can
the second and third terms in Eqg. (13) are proportional t@already be measured by modern techniques (see, e.g.,
(iw)~ ! and so these terms give a nontrivial contribution toRef. [15]). For the disk with the same radifisthe value
d. Carrying out the corresponding integrations, one comesf §C can be(R/a)? times larger thard C for the sphere,
finally to Egs. (2) and (3). Details of the calculation will Eq. (17).
be published elsewhere [14] To make the effect more pronounced one should either
The general result for arbitrary frequencies can beause clusters with a smaller size or choose a metal with
written substituting the coefficients, in Eqg. (2) byAg +  a smaller Fermi momenturp,. This may increaséC
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by several orders of magnitude. At the same timegnergyE,, which is possibly the characteristic energy of
decreasing the size of the cluster leads to an increase tife destruction of the quantum interference, is of the order
the characteristic magnetic field,. of the crossover from of 10° K. So, at any reasonable temperature the quantum
the orthogonal to the unitary ensemble. This field can beffects may exist.

estimated calculating contributions of “Cooperon degrees In conclusion, it is demonstrated that the static electric
of freedom.” The fieldH. corresponds to fluctuations of polarizability of small metal clusters depends on a mag-
the order ofl, and one comes to the following equation: netic field, magnetic and spin-orbit impurities, and this is
1 (cﬁ)2</ Ay )‘1 | a new quantum size effect. Rough estimates show that

r =1,

e (18)  the variation of the polarizability with the magnetic field

_ o can be observed experimentally in a system of small metal

whereA is the vector potential in the London gauge, andclusters. Possibly, the corresponding measurement will be

the integral should be calculated over the volume. For thgigne soon.

spherical particle, one obtains for the crossover field | am grateful to Charlie Marcus for information about
¢o [ISRmA R o 36 the accuracy of high-resolution dielectric measurements.

H. = 2% = —(R/D'?, (19
R2m\ 8mwpy | 27 R? poR( /D, 9)
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wheregy = hc/e is the flux quantum.



