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Correlation effects at the surface of an itinerant electron
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Abstract. The electron Green functions are calculated for a semi-infinite itinerant electron
ferromagnet in the framework of the infinite-U Hubbard model close to half-filling. It is
shown that the ferromagnetic state is saturated in the surface as well as in the bulk for small
enough hole concentration. At the same time the empty states near the Fermi level (and the
occupied ones for the case of excess electrons) are depolarized due to spin polaron effects.

1. Introduction

The problem of magnetism at transition metal surfaces [1] is interesting both in itself
and in connection with general investigations of itinerant electron ferromagnets. Most
spectroscopic methods such as photoemission, thermoemission and field emission are
surface sensitive and their proper interpretation requires a theory of the surface elec-
tronic structure in itinerant electron ferromagnets. It is particularly necessary for the
interpretation of results of such contemporary methods as one- and two-electron capture
spectroscopy which investigate only the surface layer [2, 1]. Numerous band structure
calculations for magnetic layers and surfaces (see e.g. [3] and also the review [1] and
references therein) are an important part of such theory. But it is known from the
consideration of bulk ferromagnetism in the Hubbard model that correlation effects that
are beyond the local spin density functional calculations may change drastically the
character of electron states, especially due to ‘spin polaron’ or ‘non-quasiparticle’ effects
[4-6]. These lead, for example, to depolarization of electron states near the Fermi
surface in contradiction with the usual band picture [6, 7]. Therefore the consideration
of surface statesinitinerant electron ferromagnets takinginto account strong-correlation
effects seems to be important. The present paper considers such effects in the simplest
model of a saturated ferromagnetic state based on the infinite-U limit of the Hubbard
model.

2. Majority-spin states

Let the ferromagnet occupy the half-space z = 0 with an infinite potential barrierat z =
—1(x, y, z are Cartesian coordinates in units of the lattice constants). We represent the
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lattice site vectors R as (p, z) where z = 0,1, 2, . .. and p is the component of vector R
in the xy-plane. We assume the transfer integrals igg- to be of the form
tpor ifz=2'.p#*p’
Legr =411 ifp=p'.lz—2|=1 (1)
0 otherwise.

‘We start with the Hubbard Hamiltonian

H=- 2 trrChoCrig T U 2 fiptAp)| (2)
kR'o R
{z.2’20) {z=0}

where ¢k, creates an electron of spin o on site R and ng, = ck,Cg, in the limit U = o,
We assume initially that the average number of electrons per site is n < 1 and the *hole’
concentration ¢ = I — n is small. So the saturated ferromagnetic state is stable in the
bulk case according to Nagaoka’s theorem and numerous following considerations ({8]
and references therein). The Hamiltonian {2) may be rewritten in the form {5, 6]

H=— 2 PlppcheCpoP = > tan X¥ XT (3)
RR'S RR'c ,
(2.2 20) (z.2700)

where P is the projection operator on the state without doubly occupied sites and
X% = |ROYRao| are the Hubbard X-operators, [R0) (|Ro)) being the states of site R
without electrons (with one electron with spin projection o = *).

To consider the electron states one should calculate the retarded anti-commutator
Green functions

Gir (E) = (X1 X¥De S
with the Hamiltonian (3). Since
Che = X& + 0X5°

these Green functions are equivalent to the usual one-efectron (more exactly hole) ones
in the infinite-U limit when operators X% ~° creating a doubly occupied site are elim-
inated by the projection operator. Similar calculations for the bulk case have been
carried outin [5]. We restrict ourselves to the case of zero temperature and consider the
saturated ferromagnetic ground state {@ o) so0 X7~ i@y} = 0 for any R. Then for up-spin
electrons (o = +)the equations of motion for the Green functions are formally the same
as in the non-magnetic case [5]. Carrying out the Fourier transformation in the xy-plane

d*k
fw(E) = | G G (B, ) xp(ik - (o ~ ) )

(the integral being over the Brillouin zone of the surface plane lattice) and putting z' =
({which corresponds to considering surface states) one obtains the equations

(E“ £|E(kﬂ))6:0(k|l’ E) - IL(G:_ 1.0(kﬂ’ E) + G:'H_o(k“, E)) ={ forz=1 (6&)
(E - &y(ky))Golky, E) — ¢, Glo(ky, E) =1 (6b)

where
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ey = 2t expliky - (p =~ p")).
pr

The equations (6) may be formally extended into the negative-z region by making the
formal assumption that G, = G. So one gets

(E - gy{ly))Gh(ky, E) = 1, (Gi-.o(ky, E) + Gy olky. E))
= 6:0[1 - r.LGIU(klir E)] (7)

These equations may be easily solved by Fourier transformation:
Giylky. E) = j LGtk Eyexplik,z)  (k=(kp k). (8)

As a result we obtain for the ‘bulk’ and ‘surface’ Green functions
2a
B+ a)B~ 2, cosk,)
B~o (7 dk, 2sin’ &,
22 g 2 E - £(k)

G*(k,E)= (9a)

GY (k). E) = Gplk), E) = (9b)

where
ﬁ=£-&'"(k”) & = ﬁ"—4f_,_
(the branch with Im & > 0 at Im £ > 0 is chosen) and
e(k) =g (ky) + 2t cosk,

is the bulk electron spectrum. So for the surface density of states

NZ(E) = (3:)"2 ( - :—Ilm G2 (ky, E)) (10)

for o = + we obtain the usual expression
3k
@)

with the integral extending over the Brillouin zone of the bulk metal, The multiplier
2 sin? k, is simply the square of the wave function of the surface problem

¥i,(2) = V2sink,z (12)

(with 8-function normalization) in the zeroth layer.

NI (E) = S(E — e(k))2 sin’k, (11)

3. Minority-spin states

Now let us calculate the Green function for the ‘wrong’ spin projection ¢ = —, The
corresponding states do not exist in the Hartree-Fock approximation in the U = =
limit and have a purely correlational nature, (being states of ‘spin polaron’ or ‘non-
quasiparticle’ type [4-6]). It is convenient to exploit the multiplication rules for X-
operators



3292 M [ Katsnelson and D M Edwards

Xy =Xg Xz~ (13)
and introduce the Green function

Fag.w(E)= ((X%TXEJ | X"V e (14)
so that

Gre(E) = Fppp (E) (15)

(cf[5, 6]). In this way we ‘decompose’ the hole with spin down into the hole with spin
up and a magnon. Since the charcteristic magnon frequency @ is of order of ¢{t| [5] the
magnon cannot move in the lowest order in ¢. In this order the equation of motion for
the function Fis very simple [35, 6]

EFgyp,.n(E) = 2 gy, Fryny r (E) = Spar{ Xg, X&), (16)
R
The R,-dependence of Fmay be exhibited explicitly by writing
FR|R:.R' = 6R3R'gﬂlﬁ"(’£‘) (17)
and
G g (E} = Szr F ra(E). (18

So in the lowest-order approximation in ¢ the function Gzg (E) is a local one, i.e. the
holes with spin down are localized. Nevertheless they are essential for calculations of
the total density of states.

Carrying out the Fourier transformations similar to {5) and {8) we can obtain for the
function #

= T dk, _
FrolE. k) =J’ S FE ) (19)

. ook o(E k) ™ dp, n(ky, p,) cos p,
JTE, k) - E - S(k) E - E(k) ﬁ(E,kﬂ) + a(E, k“) - 2r E-— E(kﬁ_.,pz) (20)

n(k) = E (XR Xy exp(i ki*p+ik,z). (21)
3
This average may be calculated from the Green function G}z (E) and so
n(k) = j dEf(E) ( —'=% ImG*(E, k)) (22)

where f(E) is the Fermi distribution function. It is easy to obtain from (94a)
n(k) = 2sin’k,f; + ny(k) (23)
where f, = f(&(k)). and

P

cosk, —cosp, - (24)

ny (k) = F %fkﬂpzzsinzpz cos p,

where 2 is the symbol for principal value. Calculating
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Fignre 1. (@) The density of states in the lower Hubbard subband for n < 1. The occupied
states are shaded. (&) The density of states in the upper Hubbard subband for n > 1. The
occupied states are shaded.

d’k &’k
G (B)= | G FuolErby) = [ 53 FEL) 5)
one obtains
s (R (k) [ &k GEH(E, k() cosk,
GB)Y = | e By ™ ) P E-e) - %O

Substituting (23), (24), (26) into (10) one finds the surface density of states of holes with
spin down
d°k

N (E) = W&(E — &(k)) (2fk sin’ k,

* dp. ) -
+ f_n o na(ky, po)cosp, cosp, — cosk, sin“k,. 27N
When calculating the integral on the right-hand side of (27} it is convenient to exploit

the identity

x dp 1 1 11 dp
0= Rej £z - z
_p 2w €osP: cosp, —z;Cosp, —z; J__2x cosp.
P @
® - gl — _
(oo oy~ T 0Ceosp, — 2)ocosp. — ) @9)

forImz,,Imz;— + 0and —1 <Re z;, Re z, < 1. So P-terms in (24) and (27) may be
simply replaced by §-functions multiplied by & when calculating N7 (E). After simple
calculations we have a very simple result

N;(E) = NS (E)E) (29)

which is formally the same as for the bulk case [5]. The schematic picture of density of
states for electrons (not for holes!) is shown in figure 1{a). The discontinuity of N7 (E)
should be smoothed by the magnon frequency, so N7 (E) tends continuously to zero as
E— E¢ (cf[4, 5]). So the ferromagnetic state on the surface remains saturated because
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there are no occupied electron states with o = —. Note that the number of holes on the
surface

e = [ aEsON®) (30)

varies as ¢/* for small bulk concentration csince N(E) ~ |E — E_|**near the band edge,
E.. Therefore the saturation average spin on the surface S, = (1 - ¢,)/2 is larger than
S=(1-¢)/2 in the bulk for small ¢ From (29) the sum rule
(XW) = (X% Xg" = (X% X% ) holds since f2(E) = f(E) and

| @z = [ aErEn @ =, (31)

If one considers the case where n > 1 and introduces the *doubly occupied’ states | 2)
instead of hole ones one obtains similar results. The difference is that the states in the
lower Hubbard subband are occupied only for o = + and for the upper Hubbard subband
the picture is as shown in figure 1(b).

Thus if one considers the energy scale |AE|$ @ the empty states near the Fermi
level at n < 1 and the occupied ones at n > 1 are depolarized on the surface (N} =
N;) as well as in the bulk. So the predictions [6] of strong deviations of the results for
spectroscopy of spin-polarized electrons from that of band structure calculations (i.e.
the Hartree-Fock picture) appear to be valid even when surface effects are taken into
account,

In the present work the dispersion of the magnon spectrum has been neglected. To
investigate the possibility of unsaturated magnetism at the surface this must be included.
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