PHYSICAL REVIEW B VOLUME 62, NUMBER 1 1 JULY 2000-I

Electronic and magnetic structures in metallic thin films
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Electronic and magnetic structures in metallic thin films are theoretically studied using the planar uniform
jellium model on a basis of the spin density functional theory. The electron density, the spin density, and the
effective potential are self-consistently calculated as functions of the film thickhegghin a framework of
the local spin density approximation. Several states, such as nonma@etfally polarized ferromagnetic
(FPB, partially polarized ferromagneti®PB, and antiferromagnetiAF) states, are found as solutions of the
Kohn-Sham equation. FPF and AF state have spin polarization over all the films, on the other hand, the spin
polarization in PPF state is localized near the surfaces. It is found that an AF filnDvatimsists of two FPF
films with D/2. By comparing the total energies, the ground state is determined as a functiornF&fF at
D=9.0(in the atomic unit, N at 9.0<D=<11.9, PPF at 11494D<12.8, FPF at 128D=<16.4, PPF at 16.4
<D=17.1, Nat17.xD=<22.1, PPF at 224D=<25.6, and N at 258D for r,=6, wherer is the Wigner
sphere radius. The ground state of a very thin film is FPF, whatever value the average electron density over the
film takes. Alkali metal thin films, especially, Cs and Rb thin films are expected to be ferromagnetic.

[. INTRODUCTION structure can change as a function of the size and the shape
of the system. Such a possibility can be studied in a system-
Low-dimensional magnetism, such as on surfaces, on inatic way, by calculating the electronic structures of thin films
terfaces, in thin films, and in very fine particles, is a matter ofwith a metallic electron density as a function of the film
great interest from a fundamental point of view. The studythickness. Lang and Kohf*°calculated work functions and
illuminates not only magnetic but also electronic propertiessurface energies in semi-infinite systems using the planar
of an intermediate system from a microscopic to a macrouniform jellium model (PUIM) on a basis of the density
scopic one. A single atom of transition metal has a magnetifunctional theory®?* with the local density approximation
moment in a gas phase, on the other hand, a number of bulkDA) applied to the exchange-correlation energy. The re-
transition metals have no magnetic moment, except Cr, Mnsults show good agreement with the experimental values for
Fe, Co, and Ni. This suggests that, with an increase of thalkali metals, so the theoretical treatment is expected to be
size of a system consisting of magnetic atoms, magnetic masuitable for investigating surface electronic structures of al-
ments become reduced and they are lost at an appropriakeli metals. Schulf& applied the same approach to metallic
size. Such an example is found in chromium. A single crystathin films and found that the work function, i.e., the Fermi
sample of Cr is in a sinusoidal spin density wa&SDW) energy strongly depends on the film thickness and reveals an
state with a maximum amplitude of ug in the ground state oscillation around the bulk Fermi energy as a function of the
and the SSDW state persists up to the INemperatureT,  film thickness.
(=312 K).! Polycrystalline sample%® fine particlest® sur- Recent observation on Au nanopatrticles is very interest-
faces of Cr and Cr-based alloyshowever, are magnetic ing: Au nanoparticles with an average diameter of about 2.5
aboveTy and have enhanced magnetic moments, compareidm are magnetic and the saturation magnetic moment attains
with those of single crystals. The origin is in bond-breakinga magnitude of 2Qg per particle?>?* A single Au atom has
due to a reduction of the coordination number of a Cralso an atomic structure with a closed shell plussaiec-
atom®'° For example, in CrAl alloy§, Al atoms are sup- tron, so this phenomenon is expected to be explained from
posed to be vacancies, as concerned with magnetic state, #te abovementioned point of view.
Al atoms bring the bond-breaking effect to the neighboring In the present paper, we investigate the electronic and
Cr atoms. Several first-principle electronic structuremagnetic properties of metallic thin films on a basis of the
calculation$!*° have been carried out on the ground statesspin density functional theory within a framework of the
of transition metal thin films with use of the local spin den- LSDA,® treating the positive charge background as a planar
sity approximationLSDA).1® Magnetic moments are found uniform jellium. A preliminary result was previously re-
to be enhanced on surfaces, compared with them on the ceported by the present authdrsin an interacting electron gas
ter layer which is supposed to be in a bulk state. with a uniform jellium, whether a bulk system is magnetic or
A single atom with an odd number of electrons has anot depends ong, which is defined by the radius of a sphere
magnetic moment in a gas phase, too. A typical example isccupied by an electron. Magnetic and nonmagnetic states
an alkali metal atom, which has an atomic structure with aare favorable for larger and smalleg, respectively. In in-
closed shell plus as electron. However, both alkali metal homogeneous systems, such as thin filmgss a function of
crystals and surfaces are not magnetic. This suggests a pgmsition r, rg(r). The exchange-correlation energy in the
sibility that, in a system consisting of alkali metal atoms,LDA and LSDA is described in terms ofg(r). As was
magnetic moments appear or disappear and the magnestiown by Lang and Kohn, there are surface dipole layers
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near the surface due to a transudation of electrons from the my(x)
surface'® r(r) in the surface region is much larger than the
bulk value. This leads us to a possibility of an appearance of
surface magnetism in the neighborhood of the surfaces. Deep
inside the thin film, the value afy(r) is nearly equal to the
bulk one. In such a region, magnetic state is suppressed. A
compromise of such two tendencies determines whether the
state over all the system is magnetic or nonmagnetic. > X

The theoretical treatment is discussed in Sec. Il. The -D72 0 D2
LSDA is applied to thin films described by the PUIM as a  F|G. 1. Positive charge density per unit volumg(x) in the
positive charge background. For the exchange-correlatioplanar uniform jellium modeln, is defined byny=(4r2/3)~1. D
energy for an electron, we adopt Janak-Moruzzi-Willi&ns s the film thickness. Two positions=+ D/2, mean the surfaces.
type energy. Several states including nonmagnetic states are
found as solutions of the Kohn-Sham equaﬁbﬁ'.he_ elec- 4 free electron gas. Therefore the eigenfunctitf(r) of Eq.
tronic and magnetic properties of such states are discussed @ can be written in the following way:
functions of the film thickness in Sec. Ill. The lowest energy
state among the states is determined by comparing the total O\ AT _ ;
energies Wi?h one another in Sec. IV. Se)::tion \?is dgvoted to VTN=Whk k(D= dn0exd —itkyt+k2)] - (4)
conclusions and discussions. Hereafter we use the atom
unit in the following; withe (the magnitude of the charge on
an electrof, m (the mass of an electrpnand# all set equal
to unity.

ith n=123... .k, andk, are the wave numbers along
they andz axes, respectively. Equatidf) can be rewritten
in terms of ¢y (x):

1 d?
Il. LOCAL SPIN“\IIDEEHS'\IIT;(”:ANI'-"STROXIMATION ~ 5 a2 D7(X) + v Z(X) P (X) = €n i (X), (5)

The electronic and magnetic properties in the ground stateshere the eigenvaluey is called the energy level and is
of an interacting electron gas under an external field causeconnected with the eigenvall& of Eq. (1) by relation
by positive charges can be represented by the spin density
functional theory’® The electron density with spio- at a 1

iti i isti i i Ef =€+ = (K2+Kk2). (6)
positionr, n (r), in a system consisting of interacting elec- i T e T 5Ky,
trons can be determined by the following equation:

€; is the bottom ofE . €7 is the lowest energy amorg]’s.

1 ; : o
_ EVZ‘Ifi"(r)Jrvg'ﬁ(r)\I'i"(r): ESW(r) (1) Il;|aer2(;after the set of states associated wifhis called thee;,
and setting _ The density of states for an electron with spinp?(e), is
given by
ny(r=2 [¥{(n)?, )
T p(O=2 pile), ™

where the sum is to be extended over the states with lower
energies than the Fermi energy, and o takes+ or — wherep; (€) is the partial density of states witf] :
according to the spin direction. The effective potential,
ver(r), in Eqg. (1) consists of two parts; one is the electro- ” 1 v 12
static potentialy .{r), not depending om-, and the other one pn(€)= Ef |7 (x)|?dx. (8)
is the exchange-correlation potentiaf.(r), which depends
ono. W/(r) is the wave function of an electron with spin  Due to the two dimensionality), (€) is constant, 1/(#), as
and energy eigenvalug; . a function of energy, and so?(€) is steplike. In Fig. 2, we
In order to investigate metallic thin films, we adopt the show schematically the densities of states divided by the film
PUJM as the positive charge background and takectines  thicknessD. p;(€)/D and p“(€)/D are the partial and the
to be perpendicular to the surfaces of a film. The positivetotal densities of states per unit volume for an electron with

charge densityig(x) is assumed as follows: spino. py(e€) is zero ate<e; andp“(e) is zero ate<ej .
Taking into no account the surface effeet(e;)/D is equal
Ng [x|<3D, to p3p(€n), which is the density of states of per unit volume
Np(X) = 0 |x>iD (3)  for an electron with spirr in a three-dimensional free elec-
2 3

tron gas ate=¢; . p3p(€) is shown by a dotted curve. An
whereD is the film thicknesgsee Fig. 1 The film surfaces increase oD makes a decrease pf(€)/D andp“(e€)/D. In
are denoted by the plangs= =D/2. The Wigner sphere ra- the limit of D— o, the steplike behavior ip“(€) disappears
diusrg is given by (4mny/3)~ 3. The electronic states along andp?(€)/D coincides withpgp(e€).

the parallel directions to the surfacgsandz, are treated as The electron density with spiar, n (x), has the form
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FIG. 2. Sketch of partial density of states withy per unit vol-
umepy(€)/D and total density of states per unit volum&(e)/D.
The effects of surfaces are neglectefl.is the bottom ofe; band.
pro(e) is constant, 1/(#), as a function ok, due to the two dimen-
sionality. At D—x, p“(€)/D coincides with the density of states
per unit volume for an electron with spinin the three-dimensional
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respectively. The Fermi energy is so determined that the
film keeps to be electrically neutral.

The electrostatic potential,dxX) depends only o and is
given by

ves(x)z—4wfjoc(x—s)[n(s)—nB(s)]ds. (12

The vacuum level is chosen as zero of energy. The LSDA is
applied to the exchange-correlation part of the effective
potential’® Under this approximation, the exchange-
correlation potentiab(x) is given by

J€yc 0€yc

D)= 6t N0 7o s oSS IFR0], (13)
where 7(x) is the local spin polarization given by
0= 1) =-00 _ moo "

Cna(x)+n_(x) n(x)°

€ IS the exchange-correlation energy per electron in a ho-
mogeneous electron gas. In our numerical calculation, we
adopt Janak-Moruzzi-Williams type fag, .2

The electron density, the spin density, and the effective
potential are obtained by solving self-consistently E&s,
(9), (12), and (13). Several magnetic states including non-
magnetic state are found, so we should compare the total
energies with one another in order to determine the ground
state. The total energy per surface akga is given by

o

1

Eo= 2 |E 2 L= (eD?)- v&(x)m(x)dx]
1

+5 | vesnineo-ngt0der [ econodx

(15
where the first term is the kinetic ener@y,;,, the second
term the electrostatic enerdy.s, and the third term the
exchange-correlation enerdgy,.

Ill. ELECTRONIC AND MAGNETIC STRUCTURES

The abovementioned set of self-consistent equat{éhs

free electron gapsp(€), given by a dotted curve. Three cases are(9), (12), and(13), has several types of solution for a metallic

shown: (@) nonmagnetic case witD =D, (b) nonmagnetic case
with 2D, and(c) ferromagnetic case with,. A hatched region in
case(a) indicates thee; band.

0= S (ep— e BTN,
2

a
=
€ S€F

9

The electron densityn(x) and the spin densityn(x) are
given by
n(X)=n.(x)+n_(x) (10)

and

m(x)=n_(x)—n_(x), 11

thin film, as will be shown later. In the present section, the
electronic and magnetic properties of each type are discussed
for r¢=6, as an example.

A. Nonmagnetic state

Following Schulte’s work? we first discuss nonmagnetic
(N) state, in which the spin density(x) is identical to zero.
Nonmagnetic solutions can be found for Blls. The energy
level €, (=€, =€, ) and the Fermi energy, as functions of
D are plotted in Fig. @). We can see three important find-
ings from this figure. One is that, in the limit @—0, e
and alle,’s approach zero which is the energy of the vacuum
level, due to no positive charge backgroundDat0. An-
other one is thagg approaches the bulk value in the limit of
D —oo. The other one is the most striking; &l|'s andeg as
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FIG. 4. Electron density profiles ita) N, (b) FPF, andc) PPF.
In FPF, the electron density is identical to the spin denigitfx)
=m(x)].

00SE e N\, AN, 3

Q o M = £ 1
E-O-lo; aze; b J° %ﬁz E decrease of transudation of electrons from surfaces, in other
m 015k e &l g & 3 word, the effective potential is increased, as is see from Fig.
3(a), wherev (0) [ =v 2#(0)=vo(0)] is plotted. This leads
020 e w0 us to a rapid increase af: and to an occupation of the,
D band in addition to the:; band atDb=11.9. As soon ag,
O . . — ] becomes undeg, the density of states is doubled, com-
E (d) AF 1 pared with that ate,>er, SO €;, €5, and eg turn to be
%'0'05—‘ g, (=€) E lowered again. Therefore we can find a cuspis and e¢
5-0.100 & E as functions ofD. Such a situation can be also foundCat
& : g (=8) ] =22.1,32.0... . Thecusp, however, becomes difficult to
-0.15F - be observed with an increase®df and then disappears in the
020E et T limit of D—oo. The reason is; whea, , ;-band begins to be

P BT T
0 10 20 30 40 occupied at thenth cusp, the relative portion of the contri-
D bution to the total density of states is 14 1) and it ap-

FIG. 3. Energy levelg?’s and Fermi energy; as functions of ~Proaches zero in the limit db—co.

D for r¢=6. Four states are showfg) nonmagnetidN) state, in The wave functiongn(x) [= ¢, (X)=¢, (x)] has f

which e,= ¢, = ¢, . A dot-dashed curve means the effective poten-— 1) nodes, and the partial electron density profile with

tial at the originvei(0) [=vix(0)=v-(0)], (b) fully polarized  has am-peak structure. The electron density profiles and the

ferromagnetidFPP state, in which only, bands are occupied and corresponding effective potentials fog=6 are shown in

€, bands remain unoccupiett) partially polarized ferromagnetic Figs. 4a) and a), whereD =8, 15, and 25. Fob =8, n(x)

(PPH state, in which a lager number of bands with spin are  has a single-peak structure due to oelyband occupation

occupied, andd) antiferromagneti¢AF) states, in whiche, = ¢, . and v g(X) [=v;’ﬁ(x)=ve_ﬁ(x)] has a single minimum. For
D=15, a clear double-peak structure cannot be found in

functions ofD have cusps at the intersecting points of ége  n(x), althoughv.(x) has a double-minimum structure, be-

curve with thee, curves. Now we consider the origin of this cause of smalk:— €, i.e., only a little occupation of the,

phenomenon. AD=0, all €;'s and e; are supposed to be band. FoD =25, n(x) has a double-peak structure, although

zero. With an increase dd, the number of electrons in the ver(X) has a clear triple-minimum one. With an increase of

film increases proportionally tB, accompanied with lower-  the number of occupied bands with the electron density at

ing of all €,’s ande . The differencesr— €3, has to increase  a position distant from the surfaces approaches a constant

proportionally toD, because the total density of stateée)  value n,. In the limit of D—, the electron density coin-

[=2p"(€)=2p; ()], is constant as a function efdue to  cides with the positive charge density except the neigh-

the two dimensionality. As the effective potential width ex- borhoods of the surfaces, where the Friedel oscillation is

tends withD, the lowering ofe; becomes slowly, s@r is  found. The Friedel oscillation produces the surface dipole

increased in order to accommodate an increment of electrorayers*®

due to an increase @. €;, however, cannot continue to be

lowered, as can be understood from a fact that the energy

levels in a square well potential are lowered with an increase

of the well width but the lowest energy level cannot be lower As ferromagnetic solutions, we find two states; one is

than the bottom of the well. After ther, turns to be in- fully polarized ferromagneti¢FPPF state, where only bands

crease, because the electrostatic potential is elevated due tavéth + spin can be occupied and all bands with spin

B. Fully polarized ferromagnetic state



504 K. OKAZAKI AND Y. TERAOKA PRB 62

FIG. 6. Spin density profiles in PPF Bt=15 and 25.

the e, band becomes occupied in addition to #je band,

but the othere; bands and all bands with spin remain

unoccupied. In the same way, , €, , € , €4, ..., be-

comes lower tharr, and cusps appear successively.
Several example of the electron density profiles, which

are identical to the spin density profilesi(x) =n(x)] in the

FPF state, are shown in Fig(b}, and the corresponding

effective potentialsy gy(X), are shown in Fig. ®). n(x) has

a single-, a double-, and a triple-peak structureset 8,

15, and 25, respectively. The structures are very clear com-

pared with cases in the N state, reflecting the corresponding

effective potentials for an electron with spin, v J4(x)’s,

which have a single-, a double-, and a triple-minimum struc-

tures, respectively.

C. Partially polarized ferromagnetic state

PPF solutions are found at 1x®=<18.4 and 22.&D
<27.6, as is shown in Fig.(8. In the former region, the
€; , €, , ande; bands are occupied and the other bands are
unoccupied, on the other hand, in the latter case, only the
€ , € , €, € ,ande, bands are occupied. Another type
S w00 10 20 of PPF state can be expected, however, we could not find it

x for r¢=6. With an increase db, the PPF state appears at the

intersecting point of the, curve with theeg curve in the N
state, in other words, the degenerateande, bands split off
into e; and e; bands and intee, ande, bands, respec-
tively, and then the PPF state disappears suddenly at the

FIG. 5. Effective potentials ifa@) N, in which v q(X) =v J(X)
=v(x), (b) FPF, (c) PPF, and(d) AF. In all cases, solid and
dashed curves meany(x) andv(x), respectively. In AF, the

energy levelse! ande, , are degenerate, and the wave function for . . . _ . -
an electron witht+ (—) spin has a larger amplitude in the positive intersecting point of the‘_EZ curve with th?EF curve in the
(negative region. vx(x) and vay(x) in AF are symmetric with P PF state. The same situation is found in the latter case.

respect tax=0. Examples ofn(x) andm(x) are shown in Figs. @) and

6, respectively. The electron density profiles are very similar
remain unoccupied. The other one is partially polarized ferto the corresponding profiles in the N state, because of small
romagnetic(PPH state, where bands witht spin and with  exchange splitting. The spin density is found to be localized
— spin are unequally occupied. In the present subsectiomear the surfaces, as is seen from those &f15 and 25. The
FPF state is discussed. difference,v o4(X) —v(X), is small compared with the FPF

The energy levelss, ande, , and the Fermi energse as  case, as is seen from Fig(ch

functions ofD are shown in Fig. @). The range of existence
of the FPF state is extended over Blls. In the limit of D D. Antiferromagnetic state
—0, both e and e¢ are supposed to approach zero. The
differenceeg— e, is increased proportionally t. The pro- . L n _
portional coefficient is two times that in the N state, becaus$15'o’ as Is shqwn in Fig.(8). Two bands,e; and €1
the density of states in the FPF state is a half of that in the NPands, are occupied and the other bands are unoccupied. Of
state. The bottom of the effective potential in the FPF state i§0Urse. €1 and €, are equal to each other, 30 they are
lower than in the N state, due to more lowering of theequivalently occupied. The wave functiong; (x) and
exchange-correlation potential, compared with that in the N$1 (x) have large amplitudes in a positive and negative re-
state, as is seen from Figgaband §b). e turns to increase ~ gions ofx, respectively, as is seen fromiy(x) andv .x(X)
at a smalleD than in the N state, and the first cusp appearsgplotted in Fig. %d). n(x) andm(x) are shown in Figs. 7 and
at a smallerD than that in the N state, too. In the present8, respectively. The electron density profiles in the AF and
case, the position of the first cusp is foundDat 9.0, where the FPF states are very similar to each other, and the spin

Antiferromagnetic (AF) states are found in 11s8D
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FIG. 7. Electron density profiles &= 15. The profiles in N and o
PPF have very similar forms to each other, and the densities in FPF _§<10"
and AF have very similar profiles to each other.
density profiles are also seemed to be similar to each other & L
except the neighborhood of=0, if the sign of the spin X107
density at a negative value a&fin the AF state is reversed. TS T
This gives us one physical description concerned with a for- D
mation of FPF and AF states &=15; an FPF film with , )
D =15 consists of two FPFE films with = 7.5, which have FIG. 9. Total energy per unit volume as a functionf The

parallel spin densities to each other, on the other hand, an Ag_round state is FPF at a smalgrthan D indicated by an arrow.

film consists of two FPF films wittD=7.5, in which the
?{L%d\;;ﬁsgoorg Igttvvx\//k?icipvteﬂggr? :t:teaiarl\ n:lp;asrilél. i!qel ?;glr properties of metallic thin films under an assumption that the

o . number of electrons in a thin film is proportional b Here
;j; ?)b’gtir?ezm$uie'srl?sljgggsttk]slstr:/§l:r?é:)engxli:sltDsFaanmoiln’i\lmsl}ﬁwte;zvée c_onsider another case; the electron number per unit_ area
of the film wi.dth for forming AF state nOD is constant as a function dif In other vyords, the posi-
' tive charge density is proportional to the inverselofThe
total energy per unit areB,, in the FPF state is always the
IV. GROUND STATE lowest forD<D¢, as is shown in Fig. 12, whene,D is
fixed to 0.009. Both in the limit oD —0 and in the limit of

In order to determine the ground state of a thin film, We "5 E  approach to be zero Therefore. there should
compare the total energies in N, FPF, PPF, and AF states’, '~ ' bp ' :

with one another. The total energies per unit voluig,/D exist the minimum valué,,;. This means that there is an
as a function ofD are shown in Fig. 9, where,=6. The appropriate electron density, at which the total energy is low-

lowest energy state changes as a functiorDpfEPF atD est as a function ofi;. The electron density with the lowest

<90, N at 9.6-D=11.9, PPF at 119D<12.8, FPF at °cn€rgy is 0.001125 &0 =8.
12.8<D<16.4, PPF at 164D<17.1, N at 17.XD
<22.1, PPF at 224D<25.6, and N at 258D. The AF V. CONCLUSIONS AND DISCUSSIONS

state has always higher energy than the other states for a \ye have investigated the electronic and magnetic proper-
given D. As is seen from Fig. 10, magnetic states havejes of metallic thin films using the LSDA applied to the
h!gher kinetic energies and lower exchange—corrglatlon enepyJM. Several important results are obtained as follgs.
gies than nonmagnetic states. The electrostatic energy #here are nonmagnetitN), fully polarized ferromagnetic
smaller than thg pther energies by. about tenth order.. FPP, partially polarized ferromagnetitPPH, and antifer-

_ The most striking phenomenon is the ground state is FPymagnetic(AF) states.(2) Magnetic moments in the PPF
in sufficiently thin films, for example, whed is smaller  giate appear in the neighborhoods of the surfaces in thin
than 9.0 ars=6. WhenD is increased from 0, the energy in fjms with metallic electron density3) An AF film with the

the FPF state becomes higher than that in the N sta® at fjjm thicknessD consists of two FPF films wit®/2. (4) The
>D¢ shown by an arrow in Fig. D is decreased with a

So far we have discussed the electronic and magnetic

decease of. Figure 11 shows the phase diagram of the 0 10 20 30 40
ground state. The phase boundary between FPF and N states, 5 10 R 17 2
given by a solid curve, mear¢ as a function of .. When e S =
rsis decreased, we suppose tBgt approaches zero. B/rg /N .

0:‘\

is small, the ground state is FPF, whatever valyékes.

FIG. 10. Contributions of kinetic, electrostatic, and exchange-
FIG. 8. Spin density profiles in FPF, PPF, and AFDat 15. correlation parts to total energy per unit volume as functionB.of
The spin density profiles in FPF and AF films with=15 is ex-  The electrostatic part is very small in all cases. FPF state is the most
pected to consist of two FPF films witbh=7.5. favorable due to large gain of exchange-correlation energy.
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FIG. 12. Total energy per unit area in FPF and N as a function
2 of D, calculated under the condition that the electron number con-

tained in unit area is fixedngD = 0.009). The ground state is FPF.
Both FPF and N states have the lowest energh &t8.0 and 9.0,

FIG. 11. Phase diagram for very thin films with<10. The respectively

phase boundary between FPF and N is indicate® by

ground state is varied as a functiondf (5) The AF state is  tron density profile, so the abovementioned condition must

not favorable.(6) If D/rg is small, the ground state is FPF, pe satisfied for finding a multipeak structure in the spin den-

whatever value s takes. sity profile. The AF state is nearly fully polarized except
We have found N and FPF states for@fk, and PPF and  aroundx=0, so the abovementioned condition must be sat-

AF states for an appropriate range Dfas solutions of the jfieq for finding an AF state, too. Therefore a film with
Kohn-Sham equation. Magnetic ground states appear in thiré\rger than the minimum size can be AF.

films. The origin is in the fact that, in a three-dimensional

free electron gas, the groun(_:i state is magnetic fo%qw eIec{his conclusion does not depend on exchange-correlation en-
tron density, and nonmagnetic for high electron dernsits ergy applied. such as von Barth-HedfhJanak-Moruzzi-

was shown in Figs. 4 and 7, however, the electron density of == 26 .
a thin film deviates largely from the positive charge backE\N'”'mas' Gunnarsson-Lundqvist, and Perdew-Zunggt

ground in the neighborhoods of surfaces, due to the transYPeS: In addition, .it s gxpecteq that the conclusion does not
dation of electrons form the surfaces. In such regions, thdePend on approximation applied, for example, the LSDA or

electron density becomes smaller than the average vglue € 9eneralized gradient approximati@®GA - The reason

so the surface region have a tendency to have a finite spig: In very thin films, the loca s is effectively very large due
polarization. Going deep inside the film, the electron densityl@ & large transudation of electrons from the film, so mag-
reveals a damped oscillation around the positive charge defetic state is energetically the most favorable.
sity n,. The finite spin density is reduced and disappears in a The electronic structure calculations for transition metal
region distant from the surfaces. Such two tendencies conthin films and surfaces, such as Cr, Fe, and Ni, have been
promise in the film, and whether the system is nonmagneticarried out by using the full-potential linearized augmented
or magnetic is determined as a functionfFor films with ~ plane wave methdd°based on the first principle. In these
largeD, a nonmagnetic region appearing deep inside the filntalculations, a remarkabikband narrowing effect has been
prevails over magnetic regions near the surfaces, so the nofeund on the surface, due to a reduction of coordination
magnetic state is expected over the film, on the other hanchumber of a surface atom. This leads us to an appearance or
for films with smallD, the surface-induced magnetic state isan enhancement of magnetic moments on surface atoms,
capable to survive inside the film. compared with those in bulk crystals. The surface magnetism
The AF states are found in 118 <15.0. This reflects s realized by the bond-breaking effect. On the other hand, in
the following fact: there exists a minimum size in film width the present system, the transudation of electrons from sur-
D for an appearance of some structure except a single-peakces brings us an appearance of surface magnetic moments.
one in the electron density profile. As was abovementioned, |t is well known that the electronic structure of alkali
the electron density profiles in FPF and AF states are verynetals can be well described by a free electron gas with a
similar and the spin density profiles are similar exceptuniform jellium model. This fact is confirmed by the elec-
aroundx=0, if the sign of the spin density in the negative tronic structure calculation based on the first princile.
region ofx is reversed. In the FPF statg, ande, bands are  Moreover, it is shown that the surface electronic structures
occupied, on the other hand, in the AF sta#g, and e, can be described by the free electron gas model with the
bands are occupied. In both cases, two bands are occupig@UJM’~**Therefore, our conclusion is at least semiquanti-
This leads us to a formation of double-peak structure in theatively correct, so alkali metal thin films, especially Rb and
electron density profile. If only one band is occupied, such &s thin films are expected to be magnetic. A very recent
structure can never be observed, so the necessary conditiohservatio® on giant magnetic moments of Fe and Co on
for an appearance of some structure except single-peak om@@d in Cs films supports our prediction. The giant magnetic
is that, at least, two bands are occupied. The number of oaonoments attain about /8 per Co atom and #g per Fe
cupied bands are increased with an increase of the number afom, similar to the giant moment of Fe in BtThe origin
electrons in the film, i.e., with an increase Bf Therefore of this phenomenon is in a nearly ferromagnetic state found
there exists a minimum size @ as a condition for having in very thin films of Cs in our calculation. The thickness-
an electron density profile with more than one peak structuredependence of the giant moments should be investigated in
In FPF state, the spin density profile is identical to the elecdetail. It is expected that the films of Cs with Co and Fe

If a film is very thin, it is in a FPF state. It is expected that



PRB 62 ELECTRONIC AND MAGNETIC STRUCTURES IN . .. 507

impurities become to have larger magnetic moments withparticle has a tendency to become more magnetic than thin
decreasing the film thickness. films. The magnetic moments are expected to be localized

Recently nanoparticles of Au with an average diameter ofi€@r the surface of the particle. _
about 2.5 nm have been reported to be magréfitThe Several theoretical studies have appeared on the magnetic

tration maanetic moment per particle is ab pan  Properties of double quantum weft§3 Each of wells form-
saturation magnetic moment per particle is aboyt ing the double wells is supposed to correspond to a metallic

appearance of magnetism in Au metals and Au surfaces hafin film mentioned above, although the positive charges are
not reported. However, a single Au atom has an atomigjifferently arranged from the present case. For example, in
structure of a closed shell plus arelectron. This phenom- AlGaAs/GaAs®*r is about 3.5 in unit of the effective Bohr
enon can be explained within our conclusion. In a nanoparradius. A single well with width smaller than 2.2 is expected
ticle of Au with a diameter of 2.5 nm, the portion of surface to be FPF, as is seen from Fig. 11. It is expected that the

atoms to all atoms in sphere is about 1/2. Therefore the nanground state is varied as a function of the width, as was
mentioned in Sec. IV.
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