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The critical dipole moment required to bind an electron is known since Fermi and Teller published its exact
value in a historical contributiofE. Fermi and E. Teller, Phys. Re¥2, 399 (1947]. We revisit the problem
and calculate self-consistently the critical dipole moment for a dipole field embedded in a homogeneous
polarizable medium. We show that, although the capability of polar systems to capture electrons in the dipole
field is much reduced by the screening, a screened dipole field is still attractive enough to bind one electron for
a wide range of embedding media.
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The appearance of bound states for an electron in a dipolg@ipole field. Our purpose in this paper is to determine the
field is a problem of central importance in molecular andappropriate conditions under which this binding can take
condensed-matter physics. The history of the research on thgace.
subject is appealing as well. In 1947, Fermi and Teller were The screening effect of an external electronic charge into
the first to publish the value of the minimum dipole momenta dipole field implies that higher dipole moments are re-
required to bind an electrofalso known in the literature as quired to bind one electron. In this paper, we focus our at-
the critical dipole moment namelyD2..=0.639 a.ut This  tention on such a problem by calculating the critical dipole
value was given in their paper in passing, without furthermoment required to bind one electron when a finite dipole is
mention of it. The actual method that they used to obtain i€mbedded in a jellium. This model is useful to understand
still remains unclear, and was the subject of an interesting€ complex mechanisms of electron binding by screened
search by TurnetLater works rediscovered the dipole criti- dipole fields and provides an estimate of the actual dipole
cal value using several methddsin the context of low- fields required to bind electrons in real systems.
energy electron scattering in polar molecules. ~ The binding of electrons by a screened dipole was pre-

After these pioneering studies, and for more than two deliminarily studied using linear theory of screeniithomas-
cades, literature on the problem was scarce. In the past fefyermi potentialsand a variational approach for the electron
years, however, the concept of the minimum dipole requiredvave function:”*® it is well known, however, that linear
to bind an electron has been recovered and widely used iff€ory underestimates the rearrangement of electronic charge
the study of dipole-bound anions, to which much theoreticajnduced by a charged particle in a homogeneous medfum.
and experimental work has been dedicdtétDipole-bound ~ Hence, we calculate the embedding of a dipole in a jellium
anions are negatively charged molecular compounds i#Sing density-functional theofDFT). The screening of the
which the binding of the outer electron can be basically in-dipole by the external electronic density and the critical di-
terpreted in terms of the dipole field of the neutral moleculePole moment are thus obtained in a self-consistent way and
The concept of the critical dipole moment is used in thisbeyond linear theory. For the sake of comparison, we will
context to predict the existence of such molecular anionslso show the results obtained in linear theory of screening.
Higher mu|tipo|e_bound anions have been studied as We” The inclusion of nonlinearity in the deSCI’iption of the screen-
The problem of the critical dipole also reappeared in a quitd"d has important consequences, with two effects of opposite
different context recently: Camblongt al. showed that the SIgn competing.
binding of an electron to a polar molecule is the realization The system on which we focus our attention is a finite
of a quantum anomafy. dipole defined by two point chargesq separated by a dis-

Less attention has been paid, however, to the binding ofanced (atomic units are used throughgufThe dipole is
electrons to dipolar fieldscreenedy an external electronic €mbedded in a jelliunta constant background of positive
density, which is the relevant situation in condensed matte€harge in which the electrons moyavhose mean electronic
Screened dipole fields appear, for example, in metaldensity isng. The electron-density parametey is usually
semiconductor junction? liquid-solid interfaces between defined by the relation fip=4=r$/3. D is the dipole mo-
polar solvents and metatd,and heterogeneous interfaces in mentD =qd.
which nanoparticles are forméiPolar defects stabilized by Our goal is to calculate the critical dipol®,,;,, defined as
electron capture were also proposed as responsible for polahe minimum dipole moment required to bind an electron, as
ization fatigue in ferroelectric material3.In surface chem- a function of the external electronic density. We use the
istry, the screening of polar structures appears in problemgohn-Sham(KS) equations to solve the probleff:
such assmthe adsorption of small polar molecules on metal 1
surfaces.” The electronic properties of such systems would _Typ2 _
be very much affected by the binding of electrons in the [ 2V +Ve“(r)]'//‘(r)_6‘l’//i(r)’ @
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wherey;(r) are the one-electron orbitals of a system of non-
interacting particlesYgs(r) = Veu(r) + Vedr) +V,(r) is the
one-electron effective potential, argdare the eigenenergies
of the KS states. The external potential,(r) is the bare
Coulomb potential of the two chargesq, Ve {r) is the elec-
trostatic potential of the total electronic density, and the
exchange-correlation potentid, (r) is calculated in the
local-density approximatiofLDA), using Gunnarson and
Lundqvist parametrizatioft:

Equation (1) requires to solve self-consistently the KS
equations for a nonspherical potential. The numerical proce-:
dure that we use is the same that was thoroughly explained irs ! ! . ! !
Ref. 22. The axial symmetry of the system allows us to sim-
plify the calculation by taking the dipole axishe line that
links the positions of the chargeas theO Z axis. Expanding
the KS orbitals in the spherical-harmonic basis ¥g((2),
and the effective potential«(r) and the electronic density
in terms of Legendre polynomial,(cosé), Eq. (1) is trans-
formed into a system of coupled equations. The axial sym-
metry of the problem keeps andm as good quantum num-
bers, but not the angular momentuntor every fixed value
of ¢, andm we have
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whereu{?ei(r) are the radial components of the KS orbitals,

and the coupling termis W,(r) between the differeritpartial
waves are

direction parallel to dipole axis (a.u.)

FIG. 1. DFT calculation of the electronic densityn(r) in-
duced by a dipole in a jellium af;=3.0. The charges of the dipole
areq= *1 and the distance between thendis 4.0 a.u. An(r) is
plotted in units of the background density. The upper panel
shows a contour plot of\n(r) in a plane in which the dipole axis

. 1ax is contained. Darker zones correspond to higher value& rofr).
expansion of the external potentil(r), and a finite num- Abscissas represent distances in the direction parallel to the dipole

ber of termsl,, in the expansion of the KS orbitals are axis, and ordinates represent distances in the direction perpendicu-
included. We check the accuracy of the results by assuringyy to it. All distances are in atomic units. The lower panel shows

the convergence of the studied magnitudes with the nUMb&fe same calculation making a cut along the dipole axis. The bound
of components in the expansions. Typical values used in thigjash-dotted lineand continuur{dashed ling contributions to the

work are vpma=8 andl y,=10. total induced densitysolid line) are shown as well.
The DFT is rigorously founded only for the description of

the system ground state. Usual prescription in the KS schendensity parameter of the unperturbed jellium in which the
is that the lower-energy KS states up to the Fermi leveldipole is embedded is;=3.0. The upper panel of Fig. 1
should be filled to properly describe the ground state. This ishows a contour plot of the total electronic density induced
not what we have done in this work. We are interested irby the dipole, in a plane defined by the dipole axis and any
dipole binding just one electron. Hence, we populate just onéirection perpendicular to it. The lower panel of Fig. 1 shows
of the two KS orbitals with negative, (there is one for each the induced electronic density along the dipole axis. The
spin component All the continuum KS states, from zero bound and continuum contributions to the total induced elec-
energy to the Fermi level, are filled as well. Occupancy oftronic density are plotted in the lower panel of Fig. 1 as well.
the two bound orbitals would bring them to merge into theThe sum of both contributions leads to a piling up of elec-
continuum for the typical values of the dipole paramef@rs tronic chargea screening cloudabout the positive charge
andd considered in this work. Furthermore, we consider that-urthermore, electrons are repelled from the neighborhood
the presence of an electron bound to the dipole is indicatedf the dipole negative charge q. An(r) is negative and
by the existence of a negative KS eigenvalue. roughly compensates the background electronic dengity

Let us start by showing the rearrangement of electronichis region. Only the continuum density contributes to the
charge induced by the dipole in the medium. We plot in Fig.depletion of charge aboutq. The small bump in the den-
1 the DFT calculation of the electronic density induced bysity close to—q is unphysical. It is a consequence of the

Upi(r) = fdQ Ver(r) YR(QIYR(Q)T*. (3)

In practice, only a finite number of terms,,, in the

the dipole in a jelliumAn(r)=n(r) —ng, in units ofny. The
dipole parameters am=*+1 andd=4 a.u. The electronic-

finite number of density and potential componenisg,
=8) used in our calculation.
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bound state of a neutral hydrogen atonf)l¢mbedded in a
— DFT calculation jellium does exist. Hence no dipole with=*+1 would be
able to support a bound state fig<<1.85, even in the limit
d— oo,

The results for the critical dipole moment using linear
theory of screening are shown in Fig. 2 as well. In linear
theory, the screened dipole potential is represented by two
Thomas-Fermi potentials separated by a distadc&he
charges of the dipole arg= *+1. We calculate the bound-
state wave function by numerical integration of Salinger
equation, avoiding any possible inaccuracies that might arise
from the choice of a given basis set. In linear theory, the
results can be scaled to any other parameters of the sy&tem.
However, this is not true for the DFT calculation: any other
values of the charges q would require a separate calcula-

FIG. 2. Critical dipole momenb ,;, (in atomic unit$ to bind an tion. . . .
electron as a function of the external electronic-density parameter 1€ DFT calculation predicts a higher value Df;, for
(in atomic units as well The solid line is the DFT calculation. The 0w electronic densities of the jellium and a lower value of
dash-dotted line is the result in linear theory of screening. ChargeB mn for high electronic densities. To understand this, a di-
of the dipole are fixed tg=+1. pole with a bound electron could be viewed as a positive

chargeq binding one electron, perturbed by the screened

Any external distribution of charge that is embedded in aCoulomb interaction of the negative charge). For a neu-
polarizable medium is screened so that the total net chargeg| hydrogen atom P embedded in a jellium, the linear
seen at long dis;ances is zero, i.e., the potential is not Coyneory underestimates the strength of the electron biriding.
lombic anymoré? Let us remark at this point that the dipolar | gther words, the electronic density at the positive-charge
component of the potential is screened at long distances aR,sition is smaller in linear theory of screening. For a dipole,

well. We have numerically checked that the dipole moment,,eer an additional effect comes into play: the repulsive

?r: the Lnducle;l_ ellectronlc d?nsuit))m((j:j) 3)(_aitr|]y Comdpense_llfﬁfs .screened Coulomb interaction between the negative charge
€ external dipole moment embedded in the medium. This IS—q of the dipole and the bound electron, which is also un-

just a consequence of the perfect screening made by the Merestimated in linear theory. Hence, there are two effects of

dium. . ) . . . :
We have checked that the results for the total electroni pposite sign that are introduced with nonlinearity. In the

charge induced by the dipole are qualitatively similar for!imit of smallrsand large distanced; the two point charges
other values of the dipole parameters and/or the backgrounilﬁoq do not see each other, and the situation is closer to the
electronic density. A lower binding energy for the boundH~ case(linear theory underestimates the electron binging
state(a weaker dipole momenintroduces a bound contribu- The opposite is true for smadl and highr.
tion more extended in space. However, the continuum con- In summary, we have performed a nonlinear calculation of
tribution adds up to compensate, gathering most of the totghe critical dipole moment required to bind an electron to a
induced density in a relatively small region of space. Thescreened dipole field. We have shown that, although the ca-
bound contribution will eventually disappear for the dipole pability of polar systemsmolecules, clusters, polar defects
parameters that correspond to those of the critical dipole man solidg to support bound states is much reduced when the
ment. dipole field is embedded in a polarizable medium, a screened
The DFT calculation of the critical dipole ,, required to  dipole field is still able to bind an electron for a wide range
bind an electron is shown in Fig. 2, as a function of theof electronic densitiess>1.85. The electronic properties of
electronic-density parameteg. The values ofrs used in  these polar systems at surfaces or in solids would be very
Fig. 2 cover the whole range of metallic densifésThe  much affected by the capture of electrons in their dipole
charges of the dipole are fixed tp=*1 and the distance fie|d. The results presented in this paper provide the critical

between them is varied. In general terms, the values of thgy|yes of the dipole moment for such capture process to take
critical dipole moment for a screened dipole are much highepace.

than the nonscreened critical dipdl), =0.639 calculated

by Fermi and Tellet. This is true even for values of the We thank A. Salin and A. Rivacoba for stimulating dis-
electronic density relatively low, such as=6. Notice, how- cussions. This work was supported in part by the Basque
ever, that our calculation would not provide the exact valueDepartamento de EducacioUniversidades e Investigacip
DY,,=0.639 in the limit ofrs— due to the well-known the University of the Basque Country UPV/EHGrant No.
deficiencies of LDA to treat self-interaction terffsFor high  9/UPV 00206.215-13639/2001and the Spanish Ministerio
values of the electronic densities of the mediums ( de Ciencia y Tecnologi(Grants Nos. MAT2001-0946 and
<1.85), there is no dipole moment capable of binding anBSM2001-0076 R.D.M. acknowledges financial support by
electron.rg=~1.85 is the lowest value ofg for which the  the Gipuzkoako Foru Aldundia.

-—-—- linear theory

critical dipole moment D, (a.u.)

electronic density parameter r, (a.u.)
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