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Surface electronic structure and magnetic properties of doped manganites
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The electronic structure and magnetic properties of doped manganites surfaces are investigated. It is as-
sumed that, at the outermost layer, the environment of the Mn ions does not have cubic symmetry. Theeg

orbitals are split and the double exchange mechanism is weakened. The charge state of the Mn ions is
modified, and the magnetic ordering of the spins tends to be antiferromagnetic. The surface magnetization and
the dependence of the transport properties through the resulting surface barrier on applied magnetic field and
temperature is analyzed.@S0163-1829~99!02430-3#
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I. INTRODUCTION

Doped manganites show many unusual features, the m
striking being the colossal magnetoresistance in the fully
romagnetic phase.1,2 Extensive research shows that the tra
port properties, and the magnetoresistance in particular,
significantly modified at artificially created barriers3–10 or in
ceramic materials.11–15The magnetoresistance has larger v
ues at low fields, and persists at large fields, unlike in
bulk case. The relevance of the interfaces in perovskite m
ganites can also be inferred by comparing with transpor
related materials which exhibit colossal magnetoresistanc16

These properties have been ascribed to changes in the
face structure, although the origin of these modifications
the resulting structure are not known.

In the present paper, we analyze the simplest, and m
common, modification with respect to the bulk that a surfa
may show: the loss of cubic symmetry around the Mn ions
is well known that La12xAxMnO3 shows a transition from a
tetragonal~or orthorhombic! structure to a cubic one as th
value of the dopingx is increased. The systems with th
highest Curie temperature correspond tox; 1

3 and are in the
cubic phase. This implies that the twoeg orbitals of the Mn
ion are degenerate and contribute to the conduction ban
this situation, the double exchange mechanism is enhan

The cubic symmetry is lost at the surface. If the last la
is oxygen deficient, the resulting splitting between theeg
orbitals can be larger than typical Jahn-Teller splittings
La12xAxMnO3 with small values ofx. When one of theeg
orbitals moves away from the Fermi level, the double e
change mechanism is weakened, and direct antiferrom
netic couplings between the coreS5 3

2 spins can prevail.
Moreover, the reduction in electronic kinetic energy can a
lead to charge transfer between the surface layers and
bulk, contributing to the formation of a surface dipole. A
these effects can be modified by surface spin waves, wh
in turn, depend on temperature and external magnetic fie
A significant dependence of the metal-insulator transit
temperature as function of oxygen pressure in thin films
found in Ref. 17.
PRB 600163-1829/99/60~9!/6698~7!/$15.00
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II. THE MODEL

In order to investigate these features, we start from a ti
binding Hamiltonian, using the twoeg orbitals,dx22y2 and
d3z22r 2, which we designatex andz, respectively. Hopping
between them takes place through virtual jumps to the in
mediate O ions. Fixing the orientations of theeg orbitals to
the frame of reference of the lattice, we obtain for thez
direction,

tzz5t,

txz5txx50 ~1!

and for the directions in thex-y plane,

tzz5
1

4
t,

txz56
A3

4
t,

txx5
3

4
t, ~2!

where the two signs intxz correspond to thex and y direc-
tions, andt is the effectiveeg2eg hopping generated from
the (dps) matrix element between ad orbital in a given Mn
ion, and ap orbital in a neighboring O ion.18,19 At each site
there is also a spin, from the threet2g orbitals, which we
treat as classical, and parametrize in terms of the polar an
u andf. We assume that the Hund’s coupling between
eg electrons and this spin is much larger than other scale
the model. Then, the hopping elements depend on the or
tation of the core spins, and the actual hopping is20

ta,b
i , j 5ta,bS cos

u i

2
cos

u j

2
1sin

u i

2
sin

u j

2
ei (f i2f j )D , ~3!

where the value of the hopping has been estimated tot
;0.120.3 eV.
6698 ©1999 The American Physical Society
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We study a cubic lattice with periodic boundary cond
tions in thex andy directions, and open boundary conditio
along thez direction, where two~001! surfaces terminate th
lattice. We use slabs with a thickness of 20 atoms. We h
checked that, for this size, the bulk properties are recove
at the center of the slab. The environment of the outerm
Mn ions is deficient in oxygen. The oxygen octahedra wh
surround the Mn ions are incomplete. The absence of
negatively charged O22 ions leads to a downward shift of th
eg levels with respect to the values in the bulk. This shift
larger for thed3z22r 2 orbital, which points towards the sur
face. Thedx22y2 orbital is more localized around the ion, an
is less sensitive to the change in the environment. In orde
keep the number of free parameters in the model to a m
mum, we leave thedx22y2 level unchanged with respect t
the bulk, while thed3z22r 2 is shifted downwards by an
amountD. The value ofD should be comparable, or large
than the observed Jahn-Teller splitting in LaMnO3, which, in
turn, is larger than theeg bandwidth. Reasonable values ofD
are;0.521.5 eV.2 The eg levels at all other layers remai
unchanged, except for electrostatic effects.

This shift of the surfaced3z22r 2 orbitals leads to charge
transfer between the bulk and the surface. We treat the
duced electrostatic effects within the Hartree approximati
This gives rise to an additional shift in the electronic lev
which is determined by solving self-consistently the Sch¨-
dinger and Poisson equations. This electrostatic shift is e
for the two eg orbitals at each layer. Screening from oth
levels is described in terms of a dielectric constant of va
e55e0.21 Self-consistency is imposed on theeg levels in all
layers in the system. We do not consider the possibility
orbital order induced by a HubbardU between electrons a
the two eg orbitals.22 We analyze underdoped materials,x
,0.5, where no unusual magnetic ordering is expecte23

The Hartree approximation acts to suppress charge fluc
tions, although it does not split theeg bands in the way a
Hubbard term does. This effect should be less importan
the surface, due to the crystal field splittingD introduced
before.

III. RESULTS

A. Surface electronic structure

Typical results, forD510t, hole concentration ofx50.3
and a ferromagnetic configuration of all spins are shown
Fig. 1. Charge neutrality corresponds to a total occupanc
the eg orbitals of 0.7.

The large splitting between theeg orbitals at the surface
leads to a significant charge transfer to the outermost la
The charge distribution reaches the bulk values at the t
layer, in agreement with the expected short screening len
of the metal. The surfaced3z22r 2 orbitals are almost full,
while thedx22y2 are empty, so that the charge state of the
is Mn31. Hence, for the value ofD used in Fig. 1, the double
exchange mechanism is almost completely suppressed a
surface. Then, it is likely that antiferromagnetic interactio
will prevail at the surface. Electronic properties due to f
romagnetic and antiferromagnetic ordering at the surface
compared in Fig. 2, where we show the total charge and
charge in thed3z22r 2 orbital for the outermost level as
function of D.
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Higher values ofD/t do not alter these results. For inte
mediate values ofD/t, the surface electrostatic barrier d
pends significantly on the magnetic configuration. The s
face dx22y2 orbitals are practically empty, and thed3z22r 2

are occupied forD.3t.

B. Surface magnetic order

The suppression of the double exchange ferromagn
coupling at the surface leads to an enhancement of the
perexchange interaction among the Mn ions. To investig
further this effect, we study magnetic configurations whe
the core spins of the surface Mn ions are allowed to rotate
shown in Fig. 3. The canting angleu is used as a variationa
parameter which allows us to change continuously from f
romagnetic to antiferromagnetic surface ordering.u50
means perfect ferromagnetic order at the surface.u5p/2
gives rise to an antiferromagnetic alignment of the surfa
spins, at right angles with the bulk magnetization. To ta
into account the superexchange interaction, we introduce
antiferromagnetic coupling between the Mn core spins. S
tracting a trivial constant, the energy per surface ion, due
this coupling, is

EAF5J'cosu12Ji cos 2u, ~4!

whereu is the angle shown in Fig. 3,J' is the antiferromag-
netic coupling between a Mn spin at the surface and on
the next layer, andJi is the coupling between spins at th
surface layer. From symmetry considerations,Ji54J' .24

We now estimate, for a given value ofD, the surface
antiferromagnetic coupling needed to stabilize antiferrom
netic or canted structures at the surface. We calculate
total energy of the system for the magnetic ordering depic
in Fig. 3.

The total energy of the system is the sum of the electro
energyE0 ~kinetic plus Hartree! and antiferromagnetic en
ergy. The E0 contribution, and the antiferromagnetic e
change energy are shown in Fig. 4. The exchange coup
chosen is comparable to that between two Mn31 ions in un-

FIG. 1. Charge in theeg orbitals as a function of the distanc
from the surface for the ferromagnetic configuration andD510t.
On the surface,nL51, thex orbitals are almost empty, due to th
shift D.
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doped LaMnO3. This is probably an underestimate of th
exchange at the surface.24,25 The electronic energy has
minimum atu50 because the absolute value of the kine
energy is maximum. On the other hand, atu5p/2, the sur-
face kinetic energy is minimum, corresponding to a ma
mum inE0. The difference in energy between these extre

FIG. 2. Charge in thed3z22r 2 orbital ~a! and total charge~b!
versus D/t . u50 corresponds to a ferromagnetic ordering.u
5 p/2 corresponds to the antiferromagnetic surface ordering
scribed in the text~see also Fig. 3!.

FIG. 3. Magnetic structure considered in the text. Only the sp
at the surface layer are rotated, in the way shown.
-
e

values ofE0 decreases asD increases. On the contrary,EAF

has a minimum atu5p/2 corresponding to antiferromag
netic ordering on the surface. By minimizing the total ener
E01EAF as a function ofu we obtain the canting angle as
function of the antiferromagnetic couplingJ' .

Figure 5 shows the calculated phase diagram as func
of the splitting at the surface between theeg levels,D, and
the direct antiferromagnetic coupling between the core sp
J' , for two different values of the hole concentration. T
effect ofJ' is increased asD becomes larger, destroying th
ferromagnetic order on the surface. In fact, for realistic v
ues of the couplings, the surface spins are aligned alm
antiferromagnetically with respect to those of the bulk. No
that the constraints imposed on the spin orientations
underestimate this tendency towards antiferromagnetism
we do not allow to relax the spins in the layers deeper i
the surface.

The changes in the magnetic surface structure also lea
modifications in the spin stiffness at the surface, which

e-

s

FIG. 4. Electronic energy~top!, magnetic energy~middle! and
sum of the two~bottom! as function of the canting angleu shown in
Fig. 3. D/t 510. J'50.02t in Eq. ~4!.

FIG. 5. Magnetic phase diagram of the surface of a doped m
ganite. The lines separate the fully ferromagnetic and the ca
regions. The dots indicate that the order is 90% antiferromagn
namely,u581°. Full dots are results for hole concentration ofx
50.3. Open dots are forx50.2.
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weaker than in the ferromagnetic bulk. It is straightforwa
to show that weaker couplings lead to the formation of ba
of surface magnons.26 We analyze the surface bands b
means of the Schwinger boson approximation, which give
realistic spectrum for the bulk bands of double exchan
systems.27 We assume that there is a direct antiferromagn
coupling JAF between the spins at the outermost layer
weak ferromagnetic coupling between these spins and th
at the nearest layer,JF8 , and that the bulk values for th
ferromagnetic couplings are recovered at the second l
and beyond,JF . Assuming perfect translational invariance
the directions parallel to the surface, the magnetic struc
at the last layer is described by the Green’s function:

G0,0~kW i ,v!5F ^bkW i↑
†

~v!bkW i↑& ^bkW i↑
†

~v!bkW i1QW i↓
†

&

^bkW i↑~v!bkW i1QW i↓& ^bkW i↓1QW i↓
†

~v!bkW i1QW i↓&
G .

~5!

The operatorsbkW is
destroy excitations of momentumkW i and

spin s at the outermost layer. The vectorQW 5(p,p) de-
scribes the antiferromagnetic superstructure. A recurs
equation can be written for Green’s functions of the ty
Gn,0 , leading to a full solution of the problem. Details a
given in the Appendix.

The magnetic modes at a (1,0,0) surface are given in
6. We find the bulk continuum and two types of surfa
states: a band located very close to the edge of the
tinuum, with slow decay into the bulk, and a band whi
tends to reproduce the linear dispersion of an isolated si
layer, except for a gap at (0,0). This gap is proportional toJF8
when JF8!JAF ,JF . This band overlaps with the bulk con
tinuum, but cannot decay into it because of its symme
The spectrum, at very low energies, is determined by

FIG. 6. Projected magnetic structure at an antiferromagnetic
face weakly coupled to the ferromagnetic bulk~see text!. The sur-
face antiferromagnetic coupling isJAF50.5JF and the ferromag-
netic coupling to the next layer isJF850.3JF , where JF is the
ferromagnetic coupling in the bulk. Energies are shown in units
JF . The bands are shown in the projected ferromagnetic Brillo
zone. The thin lines denote the lowest edge of the bulk continu
Note the folding induced by the antiferromagnetic structure.
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bulk modes, and the states derived from them. At hig
energies, the surface excitations at energies;JAF have the
largest spectral weight. Thermal excitation of these mo
leads to a decay of the surface magnetization as functio
temperature which is faster than in the bulk. In order to
timate this effects, we have calculated, using Monte Ca
techniques,28 the surface magnetization of a cluster of cla
sical spins. In this model, the bulk double exchange mec
nism is described by an effective ferromagnetic Heisenb
coupling JF , and the surface spins interact with an antife
romagnetic couplingJAF . The outermost spins interact wit
the spins in the second layers via a ferromagnetic coup
JF8 . From the results reported previously, we estimate thaJF8
is very small,;2J/100 andJAF takes a value betweenJF/2
and JF/6. In Fig. 7 we plot the surface magnetization as
function of the temperature for different values ofJAF . The
results obtained do not depend strongly on the value ofJAF
and they are in reasonable agreement with the experime
results reported in Ref. 29.

C. Surface conductance

The combination of energy shifts and changes in the m
netic couplings reduces the conductance of the surface, e
in the absence of other, extrinsic, barriers. In order to e
mate this effect, we have calculated the resistance betw
two perfect double exchange ferromagnetic metals separ
by a layer with the amount of charge and the magnetic str
ture obtained in the previous calculations. Since only
d3z22r 2 orbitals contribute to the transport through the inte
face, we have simplified the model, and only a single orb
per site is kept. The calculations were done using the met
described in Refs. 30 and 31. Two effects contribute to
resistivity, the shift in energy of the interface orbital and t
difference in spin orientation between the atoms at the b
and at the interface. The conductance is sharply redu
when the surface layer is antiferromagnetic, as the dou
exchange mechanism is suppressed. We find that for
concentrations ofx50.3 the presence of the interface in
creases the resistance of the system in a factor bigger

r-

f
n

.

FIG. 7. Magnetization of the last layer as a function of tempe
ture for a cluster with 20 layers and open boundary conditions.
comparison, the results for a cluster of the same size and peri
boundary conditions~no surfaces! are also shown.
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10. The results, as function of this shift and the magne
order in the layer, are shown in Fig. 8.

A magnetic field will reduce the antiferromagnetism at t
surface, and, at high fields, the surface spins are aligned
allel to the bulk. We estimate this effect by adding a ma
netic field to the model and finding the magnetic struct
which minimizes the energy. The resulting conductance,
D53t andJ'50.025t, is plotted in Fig. 9. A very high field
;60T is required to saturate the magnetoresistance. N
that the low field~,1 T! magnetoresistance is probably d
to the alignment of the polarization of the bulk electrod
which can be understood within conventional models.32,33

Our results for the high field dependence are consistent
the available experimental data.3–10

The magnetic excitations of the surface layer also mod
the magnetoresistance at finite temperatures.34–36 Spin flip
scattering due to thermally excited magnons leads to a
pression of the magnetoresistance at temperatures below
bulk Curie temperature. The dependence of the magnet
sistance on temperature should be similar to that of the
face magnetization, shown in Fig. 7.

IV. CONCLUSIONS

We have shown that the lack of cubic symmetry at s
faces, combined with the double exchange mechanism, l
to significant changes in the magnetic and transport pro
ties of doped manganites. Charge is transferred from the
to the surface layers, leading to the formation of Mn31 ions
at the surface, and to an electrostatic barrier for the elec
transport.

The absence of the electronic carriers at the surface
plies the weakening of the double exchange mechanism,
the dominance of direct antiferromagnetic interactions
tween the Mn spins. An antiferromagnetic layer can
formed, for realistic values of the interactions. We have a
lyzed the surface spin waves, and temperature dependen
the magnetization at the surface. The magnetic disorde
the surface can be considerably larger than in the bulk, le
ing to spin dependent scattering which reduces the ma
toresistance. Large magnetic fields are required to align
surface moments.

FIG. 8. Conductance through a surface layer of a 20320 lattice,
as a function of the angleu, for different shifts of the surface leve
c
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Finally, we have computed the transport properties acr
the surface. An applied magnetic field enhances the cond
tance of the barrier, by favoring the double exchange mec
nism and the valence fluctuation of the Mn ions. Our resu
are consistent with a number of experiments on magn
barriers and granular materials.
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APPENDIX

We outline the calculation of the surface Green’s functi
in the presence of antiferro- and ferromagnetic interactio
As discussed in Sec. III B, we assume that there is a di
antiferromagnetic exchange,JAF between spins at the sur
face. These spins have a ferromagnetic coupling,JF8 , with
those at the next layer. The remaining layers have the fe
magnetic coupling appropriate for the bulk,JF .

Cutting off the last layer,n50, we can write for the re-
maining layers the equations

v2G1,1~kW i ,v!5JF@G2,1~kW i ,v!2G1,1~kW i ,v!# ~A1!

if n51, and

v2Gn,1~kW i ,v!5JF@Gn21,1~kW i ,v!1Gn11,1~kW i ,v!

22Gn,0~kW i ,v!# ~A2!

if n.1. These equations can be solved by standard meth
and we obtain

FIG. 9. Inverse conductance, normalized to the conductance
perfect ferromagnetic system (u50 and D50), of a magnetic
layer, as function of applied field. The arrow indicates the satura
limit at high fields. The size of the system is 20320320. The
parameters used are described in the text.
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G1,1~kW i ,v!5
1

v2JFekW i

2
2A~v2JFekW i

!2

4
1JF~v2JFekW i

!

, ~A3!

whereekW i
5412 cos(kx)12 cos(ky).

Once we know the Green’s function for the first bulk layer, we can include its coupling to the surface layer by defin
effective self-energy. We find

G0,0
21~kW i ,v!5F v2l2JF8 cos~u/2!2

JF8
2 cos2~u/2!

G1,1
21~kW i ,v!2JF8 cos~u/2!

JAF sin~u!gkW i

2JAF sin~u!gkW i v1l1JF8 cos~u/2!1
JF8

2 cos2~u/2!

G1,1
21~kW i1QW i ,2v!2JF8 cos~u/2!

G ,

~A4!

wheregkW i
52cos(kx)12 cos(ky). The canting angleu is

cos~u!5
JF8

AJF8
21JAF

2
. ~A5!

The parameterl is a Lagrange multiplier, which, at zero temperature, ensures that the spectral weight begins atv50, or,
alternatively, that̂ bi , j ,↑

† bi , j ,↑2bi , j ,↓
† bi , j ,↓&52S.37 Equation~A4! was used to obtain the surface spin waves shown in Fig
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